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ABSTRACT 
The work presented encompasses techniques developed for the ana�ysis 
of certain rare earth and actinide elements in solutions containing highly 
radioactive transuranium elements . Advantage was taken of the high in-
herent resolution and sensitivity of the rf spark- source mass spectrometer 
in the development of qualitative and quantitative procedures where an 
analysis can be made on a total sample of <1 to 10 �g .  Parameters for 
the Associated Electrical Industries' MS-702 spark-source mass spectrometer 
were adjusted so that mass-to-charge ratios in the range of 10 to 310 
could be subjected to qualitative analysis . For quantitative assessment 
of impurities in a transuranium solution, relative sensitivity factors 
were established with respect to erbium , the internal standard, for the 
f,l 
rare earth elements and for thorium, uranium, neptunium, americium, curium, 
berkelium, and californium. 
A special glove box was designed , fabricated , and used on the 
source end of the mass spectrometer so that samples of the transuranium 
elements could be run safely. Transuranium elements with a-emitting 
10 radioactivity up to 10 dpm were processed through the source glove box 
and analyzed by the developed spark-source mass spectrographic technique. 
Erbium was selected as the internal standard because it possesses 
a variety of isotopic ratios in the range of 1 . 22 and 245 .  Since the 
beam monitor has an unknown output for film work, erbium proved to be 
a very desirable internal standard . In addition to erbium's use as an 
effective internal standard , its multiple isotopic and abundance distri-
butions rendered it valuable in calibrating each photographic plate . 
i11 
iv 
The optimum sample excitation parameters and analyzing conditions 
were as follow : spark voltage , 30 kV; excitation pulse length, 25 �se c ;  
excitation pulse repetition rate , 100 sec-1; accelerating voltage , 20 . 2  
kV; analyzer vacuum, 2 x 10-9 torr; source vacuum, less than 10-
6 
torr; 
and e lectrode systems of gold or graphite . 
The relative sensitivity values for the rare earth elements were 
unity, and for the actinide elements , with respect to erbium, the range 
was from 1 .61 to 2 . 65. The recommended actinide relative sensitivity 
values are : thorium, 2 . 65 ; uranium, 2 . 28; neptunium, 2 . 26 ; plutonium, 
2 . 30 ;  americium, 1 . 61;  curium, 2. 30; berkelium, 1 . 88; and californium, 2 . 1. 
The linearity of the erbium-spiked solution and spark-s ource mass spec-
trographic technique was demonstrated over a concentration range of 1 to 
250 .  A reproducibility of about 3 to  4 per  cent over the concentration 
range indicated that the re lative sensitivity constants were independent 
of concentration .  
The quantitative results for impurities of certain rare earth and 
actinide elements in a curium sample showed an average recovery of 100 
per cent. The average standard deviation was 7 . 6'{o for an e leven-element 
mixture of Pr, Gd , Tb, Ho, Tm, Yb, Th, Np, Am, u, and Cm. The s olution 
and spark-source method did not require any chemical separation prior to 
the analysis since inter-element effects were found to be negligible for 
this technique . The method was als o applied to the analysis of lanthanum 
and cerium in Hastelloy N with good accuracy and reproducibility. 
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CHAP!'ER I 
HISTORICAL BACKGRCUND AND STATE}.1ENT OF THE PROBLEM 
A. Introduction 
The high specific radioactivity of the transuranium elements has 
generally limited the analysis of individual impurity elements to physical 
and physico- chemical methods .  For a number of transuranium elements , 
impurity analysis methods , if methods exist at all, are limited to  the 
most sensitive and versatile techniques . This fact is forcefully brought 
out when the total quantity of transuranic element that can be safely 
hand led ,  or for that matter, when the total amount made available for 
-6 impurity analysis is less than 10 grams . 
With the advent of the high neutron flux isotope reactors (5 . 5  x 
15 -2 - 1 ) 1 10 neutrons em sec , in which higher atomic weight elements are 
produced , the types and quantities of impurities in the initial plutonium 
target materials are of great importance . Quality assurance procedures2 ' 3 
have been in existence for plutonium for many years ; however, for the 
second generation target materials , which include isotopes of americium 
and curium, impurity detection methods encompass only a few of the common 
elements . 4 Even more complex impurity problems are present , and probably 
of greater importance ,  in the chemical processing and purification of 
these irradiated target materials . For example , irradiated targets must 
be processed through several cycles in order to isolate six transuranium 
e lements : plutonium, americium, curium, berkelium, californium, and 
einsteinium. In additi on to this range of transuranium elements,  rare 
earths may be present as fission products or added as scavengers for the 
1 
2 
"sister" transuranium elements . 
Interest in the chemistry of transuranium elements has increased 
in proportion to their availability from the U .  S .  Atomic Energy Commission. 
Recent reviews 5-7 discuss the chemistry of the transuranium elements and 
will not be repeated here since it is not within the scope of the work. 
However, in general,  the chemical behavior of the actinides is  analogous 
to that of their lanthanide hamologues . 
Several practical applicati ons of these elements exist which re-
quire an impurity evaluation. For example , 1 �g of californium-252 has 
6 -1 ) 8 been used as a neutron source ( 3 . 6 x 10 neutrons sec , and curium-242 
is used as a heat s ource . 9 
From surveyslO- l5 of the many physical analytical techniques with 
high inherent sensitivity and the adaptability to hot cell or glove box 
operations , that i s ,  atomic absorption spectrophotometry, absorption 
spectrophotometry, neutron activation, emission spectroscopy, and spark-
s ource mass spectrometry, the technique of spark-s ource mass spectrometry 
seemed to possess the greatest capabilities for solving these most diffi-
cult analytical chemistry problems . At this point, a discussion of the 
spark-s ource mass spectrographic technique is in order . 
B. Analysis by Means of Spark-Source Mass Spectrometry 
1 .  Historical Background 
Techniques of mass spectrometry have been used many times for 
special analytical studies  of solids . In 1934 Dempster1
6 
was the first 
to demonstrate the pulsed radi o-frequency vacuum spark for producing 
positive i ons for mass spectrometric work. This high-frequency vacuum 
spark proved highly successfUl for producing an abundance of ions of all 
the e lements comprising the spark electrodes .  During World War II , 
Dempster and associates17 were the first to use this source in conjunction 
with a d ouble-focusing mass spectrograph to determine impurities in solids . 
In 195 1  Gorman, Jones , and Hipple1
8 
used a Dempster-type instrument with 
e lectrical i on detection for the analysis of major and minor constituents 
in stainless steels , and with standards demonstrated that the technique 
could be made quantitative . 
The Dempster-type instrument focused the i on beam at only one point 
along a photographic plate . To overcame this shortcoming and at the same 
time realize the advantages of recording a large range of masses on the 
photographic plate , Hannay in 195319 designed and built a mass spectro­
graph using the Mattauch and Herzog geometry of doub le focusing20 in which 
all masses are simultaneously focused in one plane . The photographic 
plate is advantageously placed in this calculated plane . With this in-
21 strument and the best photographic plates , Hannay and Ahearn demonstrated 
that e lemental detection sensitivities  lie within an order of magnitude , 
that the mass spectrographic values were directly proportional to the con-
centration over a wide range , and that sensitivities of less than one part 
per million were attainable .  
Shortly after this pioneering work, commercial mass spectrographs 
for analysis of s olids became available . All of the commercial instruments 
use the same general type of pulsed radi o-frequency spark s ource and the 
Mattauch and Herzog double-focusing geometry . All are designed for 
qualitative and semi-quantitative analytical work and , therefore , are 
designed primarily for photographic detection .  The MS-7 and MS-702 were 
4 
designed by Craig, Errock,  and Waldron22 and ass ociated workers23 for 
Ass ociated Electrical Industries in England . The MS-702 to be described 
subsequently in this dissertation was modified for handling radi oactive 
samples and installed at Oak Ridge National Laboratory in May, 1969 .  
In  the last few years , a substantial number of publications have 
appeared on general application of this technique to solids analyses; 
24-27 however ,  relatively few studies  have been made for soluti on samples 
and even a smaller number of publications on the treatment and hand ling 
of radioactive samples . For non-radioactive samples , Leipziger
27 used an 
isotope diluti on technique to determine copper and antimony . Alvarez ,  
Paulsen, and Kelleher2
6 
determined Ag, Cu, Ni , Pb , and Pd in platinum in 
which the isotopically altered trace elements were separated by ion 
exchange , redeposited electrolytically as a film, and subsequently 
analyzed by the s imultane ous isotope dilution and spark- source mass 
·spectrographic technique . For radioactive samples ,  Chastagner2
8 
proposed 
a photographic technique without internal standardization in which the 
width of the photographic image is related to concentration .  In general, 
the results obtainable by this technique were semiquantitative. 
2. Basis of the Spark-Source Technique 
In a spark-s ource mass spectrographic analysis ,  an ion beam of the 
substance being investigated is produced in a vacuum by igniting a spark 
between two pieces of the material employing a pulsed high-frequency 
potential of 50 kV. During this process, the electrode substance is 
evaporated and ionized . Subsequently, in a double-focus ing mass spectro-
graph of the Mattauch-Herzog type , the ions are acce lerated with a 
constant potential of about 20 kV through a series of thin slits . The 
5 
ions then pass through an electrostatic radial field , which functions as 
an energy filter, and then the ions pass through a magnetic fie ld . During 
the process of passing through the magnetic fie ld ,  the i on beam is deflec­
ted so  that a splitting of the ion beam takes place according to the 
mass-to-charge ratio.  These charged particle s ,  usually as positive ions , 
impinge in focus on an ion-sensitive photographic plate to form the mass 
spectrum. From the position of the lines , one can ascertain the masses of 
the positive ions , and from the line blackening or intensity on the photo­
graphic plate , one can als o obtain the i on abundance with the total ion 
beam. Knowledge of the total ion beam is obtained from an electronic 
monitor receiver which intercepts a fixed fraction of the ion beam just 
before the magnetic field . 
The MS-702 mass spectrograph installed for this dissertation work 
and for other subsequent applications will be described in more detail in 
the next chapter .  
C .  Theoretical Considerations and Spectral Evaluati on 
1 .  Mass Spectra 
Focused singly charged positive ions of each isotope form a line in 
the mass spectrum of an e lement . In the case of praseodymium, for example , 
one line occurs with mass number 141; however, for erbium, in contrast , 
six lines occur with mass numbers of 162 , 164 ,  166 , 167,  168 , and 170 . 
The most intense line corresponds to mass 166 ,  which is the most abundant 
isotope of erbium (Figure 1 ) . Besides the lines of the s ingly charged 
a tans , a repetition of the spectrum may be observed at 1/2 ,  1/3 , 1/4 ,  and 
s o  forth , of the masses of the singly charged ions , because the separation 
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of the ion beam in the mass spectrograph is not a function of mass only, 
but rather is a·· function of the mass-to-charge ratio as given by E'£luation 1 .  
(1 ) 
where M/e is the ratio of the mass of the ion to the charge of the ion,  
V is the accelerating potential in volts , r is the radius of curvature of 
the ion path, and H is the strength of the magnetic field in gauss .  With 
the pulsed radio-frequency spark-s ource multiply charged ions appear; how-
ever, as a rule , the intensity of the spectra decreases rapidly with 
increasing char� number .  Moreover,  ions of molecules can occur, but their 
intensities decrease sharply as the number of atoms per molecule increases . 29 
In spite of these complications,  mass spectra in comparison to optical 
spectra are quite simple . 
2 .  Photometric Spectral E valuation 
In order to obtain information about the composition of a solid 
sample , a series of photographs with step-wise increasing exposures of 1 ,  
-12 3 ,  10, 30 , 100, 300 • . •  x 10 coulombs is prepared . The very sensi-
tive electronic monitor receiver measures the individual exposure lengths . 
From the exposures one can determine the concentration of individual 
elements in comparison to the matrix element or to an internal standard 
producing a spectrum line with an intensity equal to the impurity elements 
of interest . 
From the exposures on a photographic plate , the intensity of a line 
is given by the expression according to E'£luation 2 . 29 
I_ K N C h E O  - A ( 2 ) 
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where I = intensity 
N = total number of particles striking the photoplate during 
the exposure 
C atom c oncentration 
h = isotopic abundance 
E = ion yield efficiency 
0 sensitivity of the photoplate for the ion 
A = line impinging area 
K constant of proportionality 
For a comparison of lines of an element of unknown concentration C with X 
a standard element of concentration C , the express ion given by Equation s 
3 is true for lines of equal intensity.  
By rearrangement of Equation 3,  the unknown c oncentration follows: 
h N A E 0 S S X S S 
ex = cs 'h N A E" o X X S X X 
( 3 ) 
( 4) 
In order to determine the unknown concentration of an element, the 
following must be known: the isotopic abundance ratio h /h , the ratio S X 
of line areas A /A , the ratio of ion yield efficiency E /E , the ratio X S S X 
of plate sensitivities 0 / 0 , and the ratio of particles striking the S X 
photoplate N /N , which is directly proportional to the ratio of expo­s X 
sures qs/� . For semiquantitative spark-source mass spectrographic 
analysis of solid s ,  it usually is satisfactory to neglect the differences 
in ion efficiencies , ion sensitivities ,  and the line area for the two ion 
types ; thus , a c onstant K with a value of one is assumed as given by r 
Equation 5 .  
9 
A E 0 X S S K ---- � 1 r -A E 0 S X X 
The expression for C is then approximated by Equation 6 . X 
c X 
c h q s s s 
hx � 
If, however,  quantitative results are desired , then the exposure ratios 
qs
/� must be measured exactly as well as establishing Kr values for in­
dividual elements being determined . For the exact determination of the 
exposure rati o for each line, which is used in the analysis , an emulsion 
calibration curve must be ascertained and from the emulsion calibration 
curve, the exposure is calculated . On the other hand , the individual 
element K values are evaluated only with the help of a standard sample r 
of known composition. For example, if the concentrations C and C are X S 
known, then K is represented by the expression: r 
K r 
C h a 
X X "'X 
3. Spectral Photometry Measurements 
In quantitative spark- source mass spectrographic  analysis , the 
ratio of the number of ions of a selected line pair is correlated with 
the concentration of the elements in the ion s ource and in turn with the 
(5 ) 
(6 ) 
(7 ) 
concentration in the sample . Although electrical detection has been used 
successfully over narrow mass ranges for ratioing line pair intensities , 
photographic plates are the preferred medium in spark- source mass spec-
trometry for measurement of analytical ratios over a wide mass range . 
When photography of the spectrum is employed , the line intensity 
10 
from the mass spectrograms involves the measurement of the dens ity of the 
photographed image . Microphotameters3° are used for measurements of the 
amount of light transmitted through the silver deposit of the image . 
Photographic density, D, is computed from the microphotometer measurements 
by the equation D = log I /I ,  where I and I are the intensities of light 0 0 
transmitted through a clear unexposed portion of the plate and through the 
image formed by the spectral line , respectively.  The density, unfortunate-
ly, is not linear with exposure ; however, the relationship between the 
two may be c onveniently expressed by the H and D curve (Figure 2 ) , which 
is simply a plot of density ve rsus log relative intensity . 
The basis for this method of plotting emulsion response lies in the 
fact that the curve obtained possesses a linear portion AB whose s lope is 
called the gamma of the emulsion .  For many years photometric measurements 
were restricted to the straight line portion of the curve and relative 
intensities calculated by setting log T = l log I ,  where r is the slope 
and T is the ratio of the galvanometer deflection of the microphotameter 
for the clean unexposed plot to that of the line images . Techniques 
currently used , possessing a wider scope and greater accuracy, involve 
the actual calibration of the photographic emulsion in terms of re lative 
intensities . This calibration is made by imposing on the photographic 
plate a graduated set of line intensities and determining the data for 
calculating the dens ity.  The graduated intensities are produced in several 
ways : by using a stepped aperture at the entrance to the magnetic sec­
tion,3l by using a single exposure of an element with multiple isotopes 
having the range of abundances to cover adequately the full latitude of 
0 � an emulsion, and by the two- line technique described by Churchill for 
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Figure 2 .  Photographic emulsion characteristic curve . 
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use in opt i cal s pe ctrography. The two-line method and the s ingle -e xposure 
method were used in the e xperimental work and will be d i s cus sed in the 
experimental s e c t i on. 
Since the s hape and s lope of the emuls i on calibrat i on vary with 
emulsion type and from batch t o  batch for a given emuls i on type, it i s  
always ne ce s s ary t o  determine the characteristic curve for the emuls i on 
used. The deve l opment of photographic plate s i s  carried out under c on­
trolled c ond iti ons in a s pe c ial deve loping machine,
33 
s ince time and 
temperature have s ignificant effe cts on the calibrat i on curve. 
D. Statement of the Problem 
This d i s se rtat i on is devoted t o  inves t i gat i ons in the field of 
s park-s ource mas s  spe ctrometry with the goal of deve loping and e stabli sh­
i ng qualitative and quant itative methods for the dete rminati on of certain 
rare e arths and transuranium e lement s pre sent in a t otal sample of 1 t o  
10 � g  of transuranic matrix. Thi s d i s cus s i on wi ll ne ce s s arily inc lude a 
d e s cript i on of the modi fied spark-source mas s  s pe ctromete r e spe c ially 
d e s i gned f or hand ling hi ghly rad ioactive sample s, the method of phot o­
graphi c  data reduc t i on, and the i s ot ope d i luti on method. Finally, the 
succe s s  of the se spark-s ource mass spe ctrographic approache s will be 
de monstrated and d i s cus sed for such analyt ical proble ms as: the s i mul­
tane ous dete rminati on of a variety of impurity e le ments in a transuranium 
proce s s  s tream, the determinat i on of the amount of transmuted tungste n  
pre sent in a hi ghly rad i oactive reactor c ontrol rod, and the determinat i on 
of certain rare e arths added t o  high temperature ni cke l-base alloys. 
CRAFTER II 
APPARAWS AND MATERIALS 
A. Apparatus 
1 .  Spark- Source � Spectrometer 
a .  Introduction.  The principal instrument used in this investiga-
tion was an MS-702 double-focusing spark- source mass spectrometer, des igned 
and constructed by Associated Electrical Industries (AEI ) , Manchester,  
England . Since mass spectrometers of the Mattauch-Herzog geometry have 
20 34 been described previous ly, ' only the basic properties of the MS-702 
and the necessary modifications to facilitate the handling of highly radio-
active samples will be presented here . A detailed descripti on of the 
mechanical and e lectronic design of the MS-702 is available ,  however, in 
the instruction manual. 35 
b .  General des ign . The MS-702 mass spectrometer is the successor 
to the MS-7 introduced in 1957 as the first c omme rcial double-focusing 
mass spectrometer employing a spark ionization source . The design of the 
MS-702 , Figure 3 , is basically s imilar to that of the MS-7 ·  It utilizes 
Mattauch-Herz og geometry and rf spark excitation .  The detection limits 
for impurity concentration lie in the sub-parts per milli on range for 
solid samples . In comparison to the MS-7, the MS-702 has increased 
versatility with respect to performance and controls . 
When using the rf spark source , the MS-702 uses photoplate de-
tection.  This method of ion detection is particularly appropriate to 
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the Mattauch-Herzog geometry which foeuses the ions in a single plane 
according to their mass-to-charge ratio and irrespective of their initial 
energies. With the rf spark ionization source , all elements are ionized 
with approximately equal sensitivity .
22 
Two factors must be taken into 
consideration :  an ion beam with a large energy spread is produced and 
the output from the spark is variable . The large energy spread is over-
come by using a double-focusing instrument. Output variations from the 
spark are corrected by employing an electronic integrator to measure the 
ion beam intensities . Advantages of the. photographic emulsion method of 
ion detection are its simple integrating properties and the convenient 
record of the spectrum obtained . The r-E- 702 instrument records the 
spectrum from m/e of 10 to an m/e of 310 . 
The limit of impurity detection is determined to some degree by 
the magnitude of background effects on the photographic emulsion .  These 
effects result from collisions between ions and residual gas molecules  
in the analyzer region and are consequently directly proportional to the 
pressure in this region of the instrument . To reduce background effects 
to a minimum, the pressure in the analyzer section is maintained at about 
3 x 10-9 torr . This degree of vacuum is obtained by differentially 
pumping the s ource and analyzer regions and by the facilities provided 
4 for baking these regions up to 250°C. A pressure ratio of 10 to 1 exists 
between the source and analyzer regions ; therefore , outgassing of samples 
-4 during sparking, resulting in source pressure increases of up to 10 
torr, does not affect the critical pressure in the analyzer region.  Use 
of an eight-plate pre-pumping chamber minimizes contamination of the 
vacuum in the analyzer region which can result from degassing of the photo-
16 
graphic emulsi on. The source region can be isolated completely from the 
rest of the vacuum system by an arrangement of electromagnetic valves and 
a hydraulic isolation valve so  that only the source region is  vented to 
atmosphere during a sample change . The photoplate magazine is also 
d ifferentially pumped and can be isolated to permit changing of photo­
plates without affecting the main analyzer vacuum. 
The MS-702 physically is comprised of two large cubicles joined by 
an interconnecting bridge arrangement . The main cubicle contains the 
analyzer tube assembly, vacuum system, spark c ircuits , vacuum gauge s ,  
monitor c ollector ,  and all the operating controls . In the electronics 
cubicle the power supplies ,  amplifiers , and other electronic circuits are 
housed . By employing a Sola transformer (23-25-230 type CVS ) , the main 
power from the MS-702 instrument is stabilized . 
c .  Source region. The source region was redesigned for this 
MS-702 mass spectrometer so  that the functional parts of the source are 
completely demountable for radioactive decontamination purposes. In 
addition,  the source housing,  which is gold gasketed to the inter-space 
region (Figure 3 , p 14 ) ,  may als o be removed for decontamination by re­
moving four bolts . Unlike the slit system on the normal MS-702,  the entire 
slit system is assembled on a flange arrangement and the flange doweled 
into a fixed position to ensure slit alignment . Figure 4 presents a 
photograph of the demountable source . Metal parts exposed to the rf 
spark are made of tantalum. The sample electrodes are held in tantalum 
clamps mounted on glass supports which can be moved inside the source 
chamber by an electrode micromanipulator arrangement in which connections 
are made employing a bellows . Three mutually perpendicular controls 
17 
Figure 4 .  Photograph of the demountable MS-702 source . View of the 
source chamber and the micramanipulators . 
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provide for vertical, horizontal, and lateral movement of the sample 
during sparking . A lead glass window held in place against a sealing ring 
by the vacuum permits electrode inspection at all time s .  
The high-tension bushing allows high voltages of the spark and 
high-tension circuits to  pass into the source without breakdown and con­
sists of an evacuated sealed glass tube containing spark voltage and 20-kV 
accelerating voltage leads to the ion source . Ions formed by the spark 
are accelerated by the ion gun through the number one slit plate which is 
screwed to  four glass rod insulators on the main slit assembly flange . 
This slit plate and the right-hand electrode are connected to  the 20-kV 
accelerating voltage lead . From the number one slit , ions are accelerated 
through the grounded number two s lit and then through the beam defining 
slit (0 . 03 mm x 1.02 mm ) . Before the ion beam enters the electrostatic 
analyzer (ESA ) ,  it passes through a beam suppress assembly which may be 
used t o  deflect the ion beam to prevent ions from reaching the ESA. 
d .  Electrostatic analyzer (ESA) � magnet analyzer regi ons . 
The ESA deflector plates are designed to give an ion beam path with mean 
radius of 38 . 1  em and a sector angle of 31°50' . Thus , the theoretical 
resolving power is. about 7500 for a defining slit width of 0 . 03 mm . The 
function of the ESA is to supply to the magnetic analyzer an ion beam 
with a very narrow energy band pass . The ESA receives ions with energy 
spreads of 2-3 kV, and the exit slit from the ESA allows ions to exit with 
a band pass of about 700 V.  On leaving the ESA, the ion beam passes 
through the monitor collector assembly in which one-half of the beam is 
intercepted and measured . This gives a measure of the total ion current 
entering the magnetic analyzer .  In  the magnetic analyzer section, mass 
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separation which occurs according to mass-to-charge ratio takes place .  
The magnet pole pieces and side plates assembly are made from gold­
plated mild steel .  The pole pieces are separated by 3 - 2 5-mm stainless 
steel spacers . The magnet current is supplied through a terminal box 
mounted on the magnet coil .  Each coil is  incased in copper foil for 
electrical screening . A photoplate rack is located inside the magnetic 
analyzer above the pole pieces and slides across the magnetic gap on rails . 
The photoplate is accurately positioned in the focal plane and is supported 
independently of its holder on four adjustable spring-loaded pegs . Photo­
plate position controls operate a lever through a bellows assembly to  
move the photoplate rack and photoplate across the magnetic gap . Up to 
16 exposures can be obtained on a standard 2 in x 10 in photoplate . 
e .  Photoplate magazine . A polished glass sliding valve seals the 
end of the magnetic analyzer from the tube connecting it with the photo­
plate magazine . When the magazine section is vented to atmosphere for 
loading or unloading photoplates ,  a second valve between the connecting 
tube and the magazine is closed . Eight photoplate cassettes , which consist 
of a holder that carries the photoplate into and out of the magnetic 
analyzer and a light-proof cover, can be mounted on a rotating drum 
arrangement . In each of the eight positions of drum rotation, a photo­
plate cassette is aligned with the central position of the photoplate rack 
in the magnetic analyzer. 
A ramrod is used to insert the photoplate into the magnetic 
analyzer and , subsequently, in a hooked position, to return the photoplate 
to the cassette in the photoplate magazine . 
20 
f. Vacuum system. The vacuum system is divided into two separate 
parts , the main vacuum system and the auxiliary vacuum system. This 
vacuum system, represented schematically in Figure 5 , was designed to give 
pressures d own to 10-9 torr in the analyzer section of the instrument . 
Four regions make up the main vacuum system: the source , the source-
analyzer interspace , the analyzer ,  and the photoplate magazine. The 
source and photoplate regions are each pumped by an 033C oil diffus ion 
pump with a liquid nitrogen cold trap . A rotary pump provides a backing 
pressure of 10-3 torr for all the diffusion pumps . Alpert insertion 
ionization gauges are used for measuring the source and analyzer pressure s ;  
the baking pressure i s  measured by a thermocouple gauge. 
To maintain the critical analyzer pressure of 10-9 torr, the s ource , 
the source-analyzer interspace , and the analyzer regi on are each pumped 
differentially. This differential pumping is  made possible by the fact 
that narrow slits c onnect these sections togethe r; thus , the effects of 
outgassing of a sample due to sparking i s  minimized. 
In order to admit a sample , the source region alone can be 
is olated and vented to atmosphere by valves v3 , v4 , and v5• The photoplate 
magazine is isolated by valves v8 and v9. Sliding valve v10 separates 
the low pressure analyzer region from the photoplate magazine.  
The auxiliary vacuum system is  used for initial pumpout of the 
s ource and photoplate magazine region when these regions have been vented 
to  atmosphere . Valves v1 and v2 admit air to the source through v3
. In 
normal operation, valve v1 is closed and valve v2 is open. The auxiliary 
rotary pump also pumps out various interspace regions which might other­
wise affect the system. 
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Figure 5 ·  Schematic diagram of the main and auxiliary vacuum systems 
for the MS-702 mass spectrometer.  
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g .  Electronics . Detailed schematics of all electronic components 
are available . 35 Only those features which affect the spectrum and 
quantitative results will be discussed . A block diagram of the spark 
source unit is  shown in Figure 6 .  High voltage for the spark i s  developed 
across the secondary of an rf transformer and taken into the source . The 
transformer primary is connected in the anode circuit of two parallel 
power amplifying (P .  A. ) tubes .  Anode voltage for the P .  A .  tubes is 
provided by the high voltage unit and controlled by the spark variac . The 
P .  A. tubes are driven by an rf oscillator circuit which runs at approxi­
mately 0 . 5  MHz when triggered by pulses from tpe trigger circuit . Pulse 
repetiti on rates can be varied between 10 and 30 ,000 pulses per second , 
and the pulse length is variable between 25 and 200 microsecond s .  These 
adjustments , together with the spark variac provide a wide range of control 
over the sparking conditions . 
I on accelerating voltage at 20 kV de is applied between the first 
and second source s lits and is provided by the 20 kV multiplier,  which 
consists of a high-frequency oscillator driving a 10- stage voltage 
multiplier . The output is  stabilized from the 20 kV power unit . 
The suppress plate is used to switch the ion beam on and off . A 
timer mechanism allows predetermined exposure lengths to be made .  The 
low-voltage power unit provides stabilized supplies for the trigger and 
timer circuits in addition to the anode voltage for the rf oscillator tube . 
A 2-kV power unit stabilized to better than one part in 20, 000 
supplies ESA deflector plate voltages at +1000 V and -1000 V, respectively.  
All c omponents important to output stability are housed in a constant 
temperature box which is compl�tely sealed and filled with transformer 
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Figure 6 .  Block d iagram of the spark electronics of the MS-702 spark­
source mass spectrometer .  
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oil. Critical components for the magnet power unit are likewise housed 
in this controlled temperature box for the magnet power unit which provides 
ten values of magnet current between 30 mA and 300 mA, with stability 
better than one part in 50,000 over a 30-minute period .  
The maximum magnetic current of 300 rnA, sufficient to focus ions 
over the range of 9 to 310 amu at an accelerating voltage of 20 kV, was 
used throughout this study. 
h .  Detection .  Ions emerging from the magnetic field can e ither 
be detected photographically or electronically with an electron multiplier .  
The fact that only very small samples for a large portion of this work 
could be used and the fact that photographic emulsions have the ability 
to rec ord the entire mass spectrum and also to integrate the signal with 
time made photographic techniques the only logical choice . 
The photographic plates used in the work were Ilford QII emulsions 
backed by a glass plate 2 in x 10 in x 0 . 035 in . The treatment of the 
data recorded on the photographic plate will be discussed subsequently . 
2 .  Spark-Source Glove Box 
A special glove box was designed and fabricated for fitting onto 
the source end of the instrument . It was necessary to reduce the diameter 
of the lead glass source window so that a stainless steel flange could 
be gasketed to the MS-702 with four L-shaped clamps . Dimensional sketches  
for the construction of the flange and the plexiglass glove box are 
presented in Figures 7 and 8, respectively ; a photograph of the glove box 
arrangement attached to the MS-702 is presented in Figure 9 . 
Small samples are placed into the glove box through the top and 
s ide ports . Polyethylene bags are used to keep radioactivity at a minimum. 
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Figure 9 · Photograph of the MS-702 mass spectrometer with the special 
glove box arrangement . 
Contaminated large source parts are bagged out through the glove ports. 
All ports can be refurbished with gloves or polyethylene bags without ex-
posing the inside glove box atmosphere to the laboratory air .  Air for the 
glove box is filtered through a gas-mask canister and exhausted through an 
absolute fi lter ( No 156254 )  into the laboratory exhaust system. Trans-
10 uranium elements with alpha-emitting radioactivity up to 10 dpm may be 
handled in this glove box arrangement . 
3 . Developing Machine 
For the processing of the Ilford QII plates ,  a Calumet developing 
machine with a nitrogen burst was used . 36 In this developing machine , a 
constant temperature of 21°C was maintained by a thermostatically controlled 
mixing valve on the water supply line . A three- second nitrogen burst , 
every ten seconds during plate process ing, through the D- 19 Kodak developer, 
SP-1 Kodak stop s olution ,  and F- 5 Kodak fixing and hardening solution 
insured uniform chemical action over the entire plate surface . 
4 .  · Densitometer 
A model 23- 100 Jarrell Ash comparator-densitameter37 was used to 
measure the density of the spectral lines . In this instrument, a slit 
mechanism scans the emuls ion s ide of the photographic plate . The light 
pass ing through the slit i s  reflected to a photomultiplier tube . The out­
put of the 'phototube is amplified and recorded on a Bristol recorder . 38 
The electronic circuits of this instrument permitted the scale readings 
on the chart paper to be ad justed to read 0 for inf�nite blackening and 
100 for clear unexposed photographic plate . Thus , per cent trans�ttance 
values can be read directly as we ll as recorded for a permanent record . 
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A computer program39 was used to facilitate the calculations of relative 
intensities from the transmittancy readings . 
5 .  Lathe 
A Unimat jeweler ' s  lathe was used for forming electrodes into 
various shape s .  
B .  Materials 
1 .  Electrodes 
a. Graphite . Electrodes were machined from 0 . 120 in x 12 in 
graphite rods , Grade AGKSP, National Catalog No 13803 . A tip of 0 . 030 in 
x 0. 120 in was machined on a length of 0 .625 in to serve as an electrode . 
b .  Gold . Rods for making gold electrodes ,  with the same over-all 
dimensions as the graphite electrodes ,  were obtained from Johnson, Matthey 
and Co. , Catalog No JM70 . 
c .  Bismuth . Electrodes made of bismuth were machined from a 
high-purity bismuth ingot purchased from Johnson, Matthey and Co. , 
Catalog No 19458. 
d .  Porous nickel.  Electrodes were made from porous nickel ob­
tained from Parma Research Laboratory , Uni on Carbide , Parma, Ohio. 
2.  Solvents 
All general laboratory reagents such as hydrochloric acid , hydro­
fluoric acid , methyl and ethyl alcohol, acetone and others were Mallinckrodt 
Transistor grade chemicals . These are reagents whose total content of 
heavy metals does not exceed one part per mi llion .  
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3 . Yttrium, Lanthanum, and � Earth Stock Solutions 
All of the chemicals used for this study were obtained in the 
highest state of purity either from Iowa State University, Ames , Iowa,  
American Potash Company, New York, or from the Solid. States Division, 
Oak Ridge National Laboratory, Oak Ridge , Tennessee . Dilutions from 
stock solution were made as needed . The following stock solutions were 
made from either the oxide or the metal. 
a .  Yttrium, � � per ml . This solution was prepared by 
dissolving 0 . 1270 gram of yttrium oxide in 10 ml of 15 � nitric acid 
and diluting to 100 ml with water .  
b .  Lanthanum, ..!2QQ � per ml . This solution was prepared by 
dissolving 0 . 1173 gram of lanthanum oxide in 10 ml of 15 M nitric acid 
and diluting to 100 ml with water.  
c .  Cerium, � � per ml . This solution was prepared by dis­
solving 0 . 1170 gram of cerium oxide in 10 ml of 15 M nitric acid and 
diluting to 100 ml with water .  
d .  Dysprosium, gQQ � � ml .  This s olution was prepared by 
dissolving 0 � 0228 gram of dyspros ium in 10 ml of 15 � nitric acid and 
diluting to 100 ml with water .  
e .  Erbium, 12!Q � per ml . This internal standard solution 
was prepared by dissolving 0 . 1010 gram of freshly cleaned erbium 
metal in 0 . 05 M nitric acid and diluting to 100 ml with water.  
f. Europium, 200 � � ml . This solution was prepared by 
diss olving 0 . 0232 gram of europium oxide in 10 ml of 15 � nitric acid 
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and diluting to 100 ml with water .  
g .  Gad olinium, 200 � � ml. This solution was prepared by 
d iss olving 0 . 0231 gram of gadolinium oxide in 10 ml of 15 � nitric acid 
and diluting to 100 ml with water .  
h .  Holmium, 185 � per .!!' praseodymium, 156 � per .!!, terbium, 
183 � E:! .!!, � thulium, 163 � � .!!· This mixture was prepared 
by dissolving 0 . 0185, 0 . 0156 , 0 . 0183 , and 0 . 0163 gram of holmium, 
prase odymium, terbium, and thulium metal, respectively, in 0 . 05 � 
nitric acid and diluting to 100 ml with water .  
i .  Ne odymium, 200 � E:! .!!!! · This s oluti on was prepared by 
d issolving 0 . 0233 gram of neodymiun1 oxide in 10 ml of 15 � nitric acid 
and diluting to 100 ml with water .  
j .  Samarium, 200 � per ml . This solution was prepared by dis­
solving 0 . 0232 gram of samarium oxide in 10 ml of 15 � nitric acid and 
diluting to 100 ml with water .  
k .  Ytterbium, 200 � � ml . This soluti on was prepared by d is­
s olving 0 . 0228 gram of ytterbium oxide in 10 ml of 15 � nitric acid 
and diluting to 100 ml with water .  
4 .  Thorium and Uranium Stock Soluti ons 
a .  Thorium, 1000 � per ml . This soluti on was prepared by 
diss olving 0 . 2500 gram of thorium metal sheet in a minimum of hydro­
chloric acid and 25 ml of 15 � nitric acid and diluting to 250 ml with 
water .  
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b .  Uranium, 10 � per �· This solution was prepared by dis-
solving 1. 1791 gram of isotopically normal u3o8 in 10 ml of· 15 � nitric 
acid and diluting to 100 ml with water .  
5 .  Transuranium Elements 
The solutions of the various transuranium elements were obtained 
from the Transuranium Laboratory, Isotopes Division, and Chemical 
Technology Division of the Oak Ridge National Laboratory . 
per ml . 
per ml . 
per ml . 
per ml . 
a .  Neptunium solution .  This solution c ontained 244 �g of 237Np 
b .  Plutonium solution .  This solution contained 190 �g of 2
42Pu 
c .  Americium solution .  This solution contained 156 �g  of 2
41Am 
d .  Curium solution . 2
44 
This solution contained 89 �g of Cm 
e .  Berkelium solution .  The total solution contained 0 . 7 �g of 
f .  Californium solution . The total solution contained 3 . 0  �g 
of 2
49cf .  
CHAPTER III 
EXPERIMENTAL AND RESULTS 
A. Preliminary Experiments 
1. Resolution � the MS-702 Spark-Source � Spectrometer 
The ability of a mass spectrograph to distinguis h  between ions of 
similar m/e ratios is given by the resolving power or resolution. 
Resolution in general can be defined as M/�M, where �M is the difference 
in atcmic  mass units between two similar masses at a nominal mass of M. 
Experimental measurement of resolution,  however, is complicated by the 
degree of separation being specified ; that is , visual separation, a 
specified per cent valley separation, or half-height separation which 
is the valley between two peaks that extends to the point of half peak 
intensity. The half-height separation technique employing 20
6
Pb and 
207Pb was used for establishing the spectrometer parameters that would 
yield the highest res olution.  
The general procedure for various parameter settings was as 
206 follows : Expose on I lford QII plate until the line densities  of Pb 
and 207Pb in a Johnson Matthey and Company CA-2 copper are about 0 .  5 ; 
as defined by optical density, D ( D  = - log T ) , measure from the micro­
densitometer scan of the two lines the width, w, of the cvvPb line at 1/2 
height and then measure the separation, d ,  between the two lines at c or­
re sponding peak points . The resolution, R, based on this 1/2 peak width 
definition is calculated by the expression : 35  
R = Ml'J./W 
33 
( 8 )  
where M is the nominal mass number of the line from which the l/2 peak 
width was taken. 
The instrument settings that gave an average resolution of 3800 
by the half-height technique described above are listed in Table I .  
Except for excitation condition changes , these instrument settings were 
used generally for all subsequent samples . 
2 .  Marking � Mass Scale � the Spectrum 
The first stage in the interpretation of the mass resolved photo-
graphic plate is to  identify the various masses of the spectrum. The mass 
scale is usually deterndned by one of the following methods : observation 
of the major component lines caused by s ingly charged , multiply charged , 
and polyatomic ions to give points throughout the mass scale ; or measure-
ment of the distance along the mass scale in which this distance is 
directly proportional to (m/e )1/2 • The scale may be established once two 
lines have been identified in the spectrum, that is , the major c onstituent 
line and its doubly charged counterpart ; or by reference to a previous 
plate taken with the same magnetic field conditions . 
Since the microdens itameter used in this investigation has a 
comparator for split- screen viewing, a reference plate was made from a 
dried silver- loaded epoxy . An exposure of 2 x 10-8 coulomb was sufficient 
to give a line at every mass over the range of 9 to 298 .  This plate 
exhibited lines of greatest intensity at 12 ,  16 , 107, and 109 , which 
correspond to the major isotopes of carbon, oxygen, and silver,  
respectively .  This plate (Figure 10 ) was labeled and used as a means of 
rapidly identifying mass lines on subsequent photographic plates .  
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T.I\BLE I 
MS-702 SETTINGS AND CONDITIONS FOR 
PRODUCING A MASS SP.EljTRUM 
Item 
Beam controls 
Z direction 
Y d irection 
t,V directi on 
Focus 
Source vacuum 
Analyzer vacuum 
Magnet current 
Spark voltage 
Accelerating voltage 
Primary slit width, slit 3 
Electrodes 
Excitation pulse length 
Excitation pulse repetition rate 
Deve loper 
Developing ti� 
Stop bath 
Stop bath time 
Fixer bath 
Fixing ti� 
Washing time 
Conditions 
10. 00 
2 . 50 
6 . 49 
5 · 79 
- 6 10 torr during sparking 
2 x 10-9 torr during sparking 
Range 10 ( 289 . 9  mA) 
30 kV 
20 . 2  kV 
0 . 002 in 
Graphite or gold 
25  �sec 
100 per sec 
D- 19 (Kodak ) 
3 min 
SP- 1 (Kodak ) 
10 sec 
F- 5 (Kodak ) 
30 sec 
4 min in tap water plus a dis­
tilled water rinse 
80 100 120 140 160 180 200 220 240 260 280 300 I 91° I 11e I ,r I ,r 1 , ro I �r 1 21° 1 2f' 1 2r' I 2T0 1 2r I 31° 
' ' ' ' ' ' ' ' ' ' ' ' ' 'i111 i1 1 1 1i 11111 lllllnulmlinuluuluuluuluutuullmluufuulllllluulmlluu1uu!umuuhll"lllil11uunmTuutmnuuruu�uiTIIIInii�II!ITill�""'m�uunllill lfulllilaf 
Figure 10 . Mass marked reference plate for the mass range 80 to 310 . 
-8  Expe rimental conditions : exposure length of 2 x 10 coulomb employing 
electrodes of dried silver-loaded epoxy . 
3 ·  Electrode Systems for Solutions 
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The poss ibility of liquid analysis was qualitatively demonstrated 
by Ahearn, 40 in which he used clean electrodes of high-purity s ilicon as 
a substrate for s olutions of beryllium and arsenic . A detection of 10-9 
atom fraction was obtained.  
In  the selection of an electrode system for liquid analysis , the 
e lectrode material should be readily available ,  possess very high purity, 
be readily machinable , and preferably be a material that is mononuclid ic .  
Electrode systems previous ly used include transistor-grade silicon ,  indium,41 
42 and gold . Silicon and indium are unsatisfactory because the polyatomic 
ions of s ilicon mask a large number of ions of interest , and in the caGe 
of indium the metal is too soft and has a low melting point . Gold has 
been used satisfactorily when the elements are readily electrolytically 
plated onto the surfaces .  The electrode substrates that might be used 
satisfactorily for the analysis of solutions containing rare earths and 
transuranium elements include gold , silver, graphite , bismuth, graphite-
gold , and porous s ilver.  These electrode systems were evaluated for pos-
s ible use . 
a .  Procedure . Exactly 1 �g of erbium was placed on the tips of 
the electrode pair being tested . The erbium was deposited by the 
evaporation of 0 . 005 ml of 100-�g/ml erbium solution on each electrode of 
the set employing a heat lamp. Sparking conditions , electrode pos itioning 
(end to end ) ,  and all instrument variables were held constant for all 
electrode systems checked . As exposure times 3 x 10-9 , 6 x 10-9 , and 
-8 10 coulombs were employed . After the photoplates were developed , the 
total relative intensity of the erbium for each electrode system was 
measured on the microdensitameter.  
b .  Results . The pertinent densitometer data and results of these 
experiments are summarized in Table II for the electrode systems tested . 
Gold e lectrodes are superior to the other systems with respect to sensi-
tivity ; however, the graphite electrode system is a close second . In the 
graphite system the erbium was distributed down in the electrode and was 
excited at a much slower rate . This characteristic is an advantage be-
cause several exposures may be made before a sample containing a total of 
1 �g is consumed . In cases where the highest sensitivity is sought ,  gold 
. - 8 electrodes should be used , and the exposure length terminated after 10 
coulombs . For experiments where sensitivity was not a factor,  the graphite 
e lectrode system was used . The gold with a graphite coating was poor since 
the graphite d id not adhere very well to the gold surface . 
4 .  Sparking Parameters 
Since a graphite electrode system was sele cted for subsequent 
quantitative evaluation of the rare earth and transuranium elements , it 
was apparent that sparking parameters should be selected that would assure 
the maximum res olution. This is necessitated by the fact that carbon forms 
+ 44 polymer i ons up to c25 • With the high inherent resolution of 38o0 
demonstrated by the MS-702, these polymer i ons can eas i ly be res olved from 
singly charged metal ions of interest in this study. For example ,  thulium 
12 13 o6 with a mass 168.9344 amu is separated from the c13 C polymer by 0 .  90 
a.mu, thus requiring a theoretical res olution of 2450 . In order to 
investigate this region of the spectrum, a series of spectra were made 
employing the instrumental procedure as outlined in Table I (p 35 )  except 
that the pulse length and the pulse repetition rate of the radio-frequency 
spark were varied . Figure 11 presents the pertinent densitometer scans 
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TABLE II 
ERBIUM REIATIVE INTENSITY MEASUREMENT OF EL&:TRODES 
Relative intensity for Calculated electrode 
Electrooe Exposures lo-9 coulomb detection, 10-lOga 
system 3 b 10 total 
Gold 640 320 40 1000 5 
Graphite 300 220 . 180 700 7 
Porous bismuth 120 145 230 495 10 
Porous silver 180 90 55 325  15 
Gold-graphite 33 150 
aLines are just detectable at 0 .  5 relative intensity . 
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Figure 11 . Photometric resolution study of mass spectra scans as a 
function of excitation conditions . 
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that c learly indicate the importance of selecting a pulse length of 50 
�sees , or less ,  with any repetition rate from 10 to 300 pulses per second . 
Since the production of ions is low at a repetition rate of 10 and 
fast at a repetition rate of 300 pulses per second ,  the sparking c onditions 
for all subsequent analyses were performed with a pulse length of 25 �sees 
and a repetition rate of 100 pulses per second . 
5 .  Erbium as Internal Standard 
Taylor
45 lists ten points that should be considered in selecting a 
suitable internal standard element for spark-s ource mass spectrographic 
work in general . All of these are nat equally significant and applicable 
to the problems associated with the analysis of solutions . However, the 
important considerations are : The internal standard e leDEnt must be one 
likely to be absent ( or present at very low concentrations compared to  the 
amount introduced ) in the material to be analyzed . The internal standard 
must be readily available in a high degree of purity, either as the metal 
or in a compound with other e lements not sought in the analyses . It 
preferably should possess only isotopes of mass numbers indivisib le by two 
or three , in order to e liminate the risk of interference in analysis lines 
of other e lements by doubly or triply charged ions of the internal standard . 
The internal standard element should possess at least two isotopes 
with a ratio of about 100 . For trace analys is  in s olids , this is very 
important . For the analysis of impurities in solutions , this requirement 
is mandatory since the beam monitor cannot be used to control exposures 
because the beam monitor has an unknown output with respect to the sample 
film on the e lectrode . 
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In the work of this dissertation, erbium was selected as the inter-
nal standard because it meets most of the fundamental requirements of an 
internal standard . One shortcoming of erbium is that five of its six 
isotopes are divisible by two. However, since this study is not concerned 
with elements below a mass number of 89 , the criterion of doubly charged 
I 
ions interfering in this case is  not pertinent . Table III presents the 
isotopic abundance of erbium along with possible interfering coincident 
mass lines as obtained from tables of isotope masses and of mass spectrum 
li 46-49 nes . 
Erbium possesses isotopic ratios between 1 . 22 and 245 . Thus , erbium 
is a very desirable internal standard for use in the spark- source solution 
evaluation s ince the beam monitor readings do not represent the ionized 
sample composition. In addition to erbium' s use as the internal standard , 
its multiple isotopic and abundance distributions render it valuable in 
calibrating each photographic plate as will be presented in a later section .  
6 . Erbium Spectrum Interpretation 
The sparking of the sample , the recording of the spectrum, and the 
subsequent development of the photographic plate are all necessary pre-
liminary stages  which lead to an analysis of the spectrum by interpretation 
of the recorded spectrum. In general for s olids , the spectral lines in a 
spark-s ource mass spectrum are due to the singly char�d , multiply charged , 
polyatomic , and other complex ions . Since erbium was selected as the 
internal standard for films prepared from s olutions , an evaluation of the 
erbium spectrum was carried out . Films of about 25 11g of erbium per elec-
trode were prepared on graphite electrodes and a spectrum prepared for 
evaluation.  A large excess of erbium was used per electrode in order that 
TABLE III 
ERBIUM ISorOPE DISTRIBUTION, MASSES, AND COINCIDENT MASSES 
Isotope 
162 
164 
166 
167 
168 
170 
Abundance , i 
0 . 136 
1 . 56 
33 . 41 
22 . 94 
27 . 07 
14 . 88 
Mass ,  amu 
161. 9288 
163 . 9293 
16 5 . 9304 
166 . 9321 
167 . 9324 
169 . 9355  
Serious coincident a masses 
162ny 161 . 9265 
164ny 163 . 9288 
�8Yb 167 · 9339 
c14 168 . oooo 
170Yb 169 . 9349 
� -8 olecular ions may occur at exposures >10 coulomb .  
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very weak lines of the multiply charged ions and complex ions could be 
measured . Polyatomic erbium lines occur at m/e greater than 320 and there-
fore are not recorded on the photographic plate . 
Although a film of 2 5  �g of erbium per electrode was excessive , the 
s ingly charged ion line of 162Er (0 . 136� abundance ) was not in an over­
exposed condition for a beam monitor reading of 10-
B 
coulomb .  The pertinent 
data and results of these experiments are summarized in Table IV. The 
results show that 99 . 1� af the erbium ions are present as Er+ ( 77 · 7�) , 
Er2+ (20 . 3� ) , and Et3+ ( 1 . 1�) . Similar distributions of these ions were 
observed for films with less  erbium present and also for exposures with 
much shorter duration. + This distribution of Er to that of all erbium 
ions is in good agreement with the distributions found by Owens and 
Geordino5° for the constituents of stainless steel in which they used 
similar sparking conditions on solid samples . 
The intensity of the complex ions comprised less  than one per cent 
of the total erbium intensity with the ErC2
+ ions accounting for about 
one-half of this . The appearance of the ErOH+ complex in the spectrum 
probably indicates the presence of water vapor in the s ource . With smal-
ler quantities of erbium in the film and shorter relative exposure lengths , 
the appearance of complex ions was found to be almost nil .  
B .  Quantitative Calibration Curves for 
Certain Rare Earth Elements 
1 .  Method of Emulsion Calibration 
Before calculati on of the mass line intensity ratio could be made 
for quantitative determinations , it was necessary to calibrate the response 
TABLE IV 
ERBIUM SP�TRUM EVAWATION DATA AND RESULTSa 
Nominal Isotop� Relative 
Ion mass factor Line 
162Er+ 162 736 230 
162Er2+ 81 736 60 
170Er3+ 56 . 67 6 . 73 360 
166Er4+ 41. 5 2 . 99 24 
166Er5+ 33 .2  2 . 99 3 
166Er6+ 27. 67 2 . 99 <3 
166Erl2C+ 178 2 . 99 16 
166Erl60+ 182 2 . 99 120 
168Er1601H+ 185 3 ·  70 22 
170Erl2C2+ 194 6 .  73 145 
166Er1602 + 198 2 . 99 <3 
166Erl2C + 3 202 2 . 99 16 
166Erl2C + 4 214
d 2 · 99 92 
166Erl2C + 5 . 226 2 . 99 3 
166Er1604 + 230 2 . 99 <3 
166Er12C + 6 238 2 . 99 17 
166Erl2C + 7 250 2 . 99 <3 
166Erl2C + 8 262 2 . 99 <3 
a 25 11g Er per electrode and an exposure 
intensit�( 
of 
Total 
169, 28o 
44 , 160 
2 , 420 
72 
9 
<9 
48 
359 
81 
976 
<9 
48 
275 
9 
<9 
51 
<9 
<9 
-8  10 coulomb .  
b Reciprocal of the isotopic abundance fraction .  
cPer cent transmittance has a value of 100 at 
d 166 16 
+ Also the nominal mass of Er o3 . 
50rfo. 
Ion Frac-
tion, 1o 
77 · 7 
20. 3 
1 . 11 
0 . 033 
0. 004 
<0. 004 
0 . 022 
0 . 165  
0 . 038 
0 . 448 
< . 004 
0 . 022 
0 . 126 
0 . 004 
< . 004 
0 . 023 
< . 004 
< . 004 
46 
of the Ilford QII emulsion.  Unless  the emulsi on has been calibrated , the 
degree of darkening of a spectral line cannot be related to the number of 
ions producing the line . It was desirable to construct a calibration curve 
to c over the exposure range from bare ly measurable images to virtually 
film saturation.  Data for calibration purposes were obtained by putting 
on a s ingle plate a series of erbium spectra that ranged over the emulsion 
latitude . Erbium lines corresponding to 166Er+ and 167Er+ were used since 
the relative isotopic abundance ratio is 1. 456 . This abundance ratio was 
ideal for applying the two- line technique of emulsion calibration first 
. 
51 32 reported by Duke and later described in detail by Churchill for use in 
optical spectrography. The plate was then developed and the lines for 
these isotopes were measured on the densitometer employing a slit of 3 
microns , a scan speed of 1 . 5 mm per minute , a gain of 100� transmission 
for the area of lowest emulsion fog, and a zero transmission setting at 
complete opacity . A typical set of readings from the erbium spectra of 
the lines produced by 1
66Er+ and 167Er+ are tabulated in Table v .  A pre-
lfminary curve was constructed from the densito�ter data by plotting for 
166 + each spectrum the per cent transmittances ,  �' of Er line as abscissa 
against the %T of the weaker line of 167Er+ as ordinate on a log- log paper.  
The preliminary curve is  illustrated in  Figure 12 .  
The final emulsion calibration curve was then obtained by arbi-
trarily assigning to 50� T a relative intensity value of 100 . Then from 
the fact that the is otopic abundance ratio is 1 to  1 .  456 , the other 1Jr 
values from the curve covering the latitude of the Ilford QII emulsion 
were converted to relative intensity values .  The '{rJr values are tabulated 
in Table VI,  and a plot of these data on sem!log paper, with '{rJr as abscissa 
Spectrum No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
TABLE V 
DENSITOMEI'ER DATA FOR A PRELIMINARY 
EMULSION CALIBRATION CURVE 
Line transmittance 1 � 
lbbEr + 1b7 Er + 
2 . 1 2 . 9  
6 . 2  9 · 2 
9 · 0 14 . 0  
14 . 2  21. 0 
23 . 8  32 . 8  
38 · 7 48 . 8  
54. 8 63 . 9 
62 . 0  72 . 0  
68 . 5 78. 2  
86 . 5 91 . 1 
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Figure 12 .  Pre liminary emulsi on calibration curve for an Ilford QII 
plate . 
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TABLE VI 
FINAL CALIBRATION CURVE DATA, CHURCHILL TWO- LINE ME.THOD 
Step No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
]2 
13 
14 
15 
16 
a Relative intensityb 
10 . 5  
15 . 2  
22 . 2  
32 · 3  
47 . 1  
68 . 6  
100 
146 
212 
309 
450 
656 
955 
1390 
2030 
2950 
a167 166 . Er to Er abundance rat�o 1 to 1 . 456 .  
b 50� T was set equal to 100 . 
Per cent T 
91. 5 
. 87 . 0  
82 . 0  
76 . 0  
69 . 0  
60 . 2  
50 . 0  
39 . 0  
28 . 7  
20 . 0  
13 . 5  
9 - 1 
6 . 1  
4 . 2  
3 · 0 
2 . 2  
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and relative intensity as ord inate, produced the desired emulsion calibra-
tion curve (Figure 13 ) .  
A second method for obtaining an emulsion calibration was used for 
individual plates .  In this method the emulsion calibration curve was 
obtained by plotting the per cent transmittance versus the isotopic 
abundance of erbium, the internal standard . This technique proved useful 
and readily available for keeping a check on the more precise two-line 
method of emulsion calibration .  
2 .  Sensitivity Factors for Yttrium and Certain Rare Earth Elements 
a .  Yttrium and the mononuclidic rare earth elements . If quantita-
tive analyses are to be made , the most important parameter is the relative 
sensitivity factor for the components under investigation. This relative 
sensitivity factor,  K , for s olid spark-source mass spectrometry is r 
expressed by Equation 7 (p  9 ) ;  however,  for solutions a s imilar equation 
was derived from the considerations expressed by Equation 2 (p 7 ) that 
states K with relation to the relative intensity of the internal standard r 
and the other constituent of interest .  The expression for K is given by : r 
C I h X X S 
C = I  h Kr. S S X 
Equation 9 has been evaluated from a series of films prepared from 
( 9 )  
standard solutions. K values were determdned simultaneously for yttrium, r 
praseodymium, terbium, holmium, and thulium, using erbium as the internal 
standard . Quadruplet exposures of each set of evaporated films were made 
on Ilford QII plates .  Only exposures that had line intensities in the 
range of 20 to 80 per cent transmittance were used for the calculation of 
51 
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the relative sensitivity values .  It was necessary to make a background 
c orrection on s ame  lines before utilization of the data was possible . 
The background c orrection was made by converting the per cent transmittance 
on each side of the line to relative intensity and subtracting the average 
relative intensity from the relative intensity of the line plus background . 
A summary of the pertinent data and the calculated relative sensitivity 
factors for yttrium, prase odymium, terbium, holmium, and thulium versus 
erbium as internal standard are summarized in Table VII . 
b .  Certain polynuclidic � earth elements . It may be assumed 
that the polynuclidic rare earth elements would possess relative sensi-
tivity values similar to the mononuclidic rare earth elements . This 
assumpti on was tested by determining K values for cerium, neodymium, r 
samarium, europium, and ytterbium. The same technique was used for deter-
mining the K values for these elements as was used for the mononuclidic r 
rare earth elements . The pertinent results and the calculated K values r 
are presented in Table VIII . These results are averages of four or more 
determinations for each element . The average relative sensitivity for 
these polynuclidic rare earth elements ranged between 0 . 96 and l . o6 ,  with 
an over-all average K value of 1. 01. r 
3 .  Relative Sensitivity Versus Concentration 
In order for the relative sensitivity, K , to be of value in an r 
analysis , it should remain constant over a wide concentration range . By 
inspection of Equation 9 (p 50 ) ,  it was observed that this expression in 
logarithmic form is an equation of a straight line as given below : 
(I h ) 
l X S log cx,cs = n log (I h ) + log Kr S X 
( 10 )  
Element 
Pr 
Mean 
Tb 
Mean 
Ho 
Mean 
Tmd 
Mean 
y 
Mean 
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TABLE VII 
SENSITIVITY VAIDE3 FOR YTI'RIUM AND THE 
MONONUCLIDIC RARE EARTH ELEMENTS 
Film 
Concentration 
10 ( x 10 moles ) 
l . lo6 
l . lo6 
l . lo6 
l . lo6 
l. lo6 
1 . 151 
1 . 151 
1. 151 
1 . 151  
1 . 151 
1. 122 
1. 122 
1. 122 
1 . 122 
1 . 122 
0 . 964 
0 . 964 
0 . 964 
0 . 964 
0 . 964 
1 . 120 
1. 120 
1 . 120 
1 . 120 
1 . 120 
C /CE x r 
a 
( x 102 ) 
1 . 829 
1 . 829 
1 . 829 
1 . 829 
1 . 829 
1 . 905 
1 . 905 
1 . 905 
1 . 905 
1 . 905 
1 . 856 
1 . 856 
1 . 856 
1 . 856 
1 . 856 
1 . 596 
1. 596 
1 . 596 
1 . 596 
1 . 596 
1 . 854 
1 . 854 
1 . 854 
1 . 854 
1 . 854 
Relative b Intensit� IEr/Ix 
IEr I X 
134 146 0. 918 
95 109 0 . 872 
144 155 0 . 929 
59 65 0 . 908 
108 119 0 .908 
202 230 0 . 878 
144 168 0 . 857 
33 40 0 . 825 
59 67 0 . 881 
110 126 0 . 873 
134 154 0. 870 
95 110 0 .864 
59 70 0 . 843 
144 162 0 . 889 
108 124 0 . 871 
202 198 1 . 02 
144 143 1 . 01 
33 31 L o6 
59 61 0 . 967 
110 108 1 . 02 
168 200 0 . 840 
84 100 0 . 840 
33 39 0 . 846 
130 164 o .  793 
104 126 0 . 825 
Relative 
Sensitivity, 
K c r 
1 .07 
1 .02 
1 .09 
L o6 
l . o6 
1 .07 
1 .05 
1 . 01 
1 . 07 
1 . 05 
1 . 04 
1 . 03 
1 . 00 
1 . 06 
1 . 03 
1 . 04 
1 . 03 
1 . 08 
0 . 99 
1 . 04 
1 . 00 
1 . 00 
1 . 01 
0. 94 
0. 99 
aErbium concentration per electrode : -8 0 . 604 x 10 mole s .  
b 164 + . IE for Er l1ne , r C h I cK = x x Er . r CE hE I 
d 
r r x 
Background corrected . 
thus h /hE = 64 . 1  x r 
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TABLE VIII 
SENSITIVITY VAWES FOR CERI'AIN POLYNUCLIDIC RARE FARI'H ELEMENTS 
Element 
Ce 
Nd 
Sm 
Eu 
Yb 
Film 
Concentration 
10 (x  10 moles ) 
1 .83 
1 . 78 
2 .  57 
1 . 97 
1 . 73 
C /CE x r 
a 
(x  10
2 ) 
3 · 03 
2 . 95 
4 . 25 
3 · 27 
2 . 86  
a Erbium concentration per electrode, 
bK 
c I h x Er X 
r = CE I hE r x r 
. 
1
Er h 
Relative 
X Sensitivity, 
IX hEr K r 
32 . 3  0 . 98 
36 . 1  1 . 06 
24 . 1  1 . 03 
29 . 2  0 . 96 
34 . 6  0 . 99 
-8 0 . 604 x 10 moles . 
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In this equation, n is the s lope with a value of unity. Log K may be r 
obtained as the intercept from a plot of log (I h )/(I h ) as abscissa X S S X 
and log C /CE as ord inate . x r 
Expe riments were carried out employing the same general procedure 
(Table I ,  p 35 ) in order to obtain the necessary data for making such a 
plot .  The concentration rati o of the mononuclidic rare earth elements 
and erbium was evaluated over a range of more than two orders of magnitude . 
The pertinent data and results of these experiments are summarized in 
Table IX for praseodymium. The results for terbium, holmium, and thulium 
were s imilar to those for praseodymium. A plot of the praseodymium data 
is shown in Figure 14 . The best straight line through the data points 
gave a log K value of 0 . 00,  thus K has a value of 1 . 00 .  r r 
Since all of the relative sensitivity values versus erbium as the 
internal standard are approximately one , a single calibration curve was 
constructed for any rare earth element by plotting on log- log paper the 
concentration (moles per electrode ) of rare earth versus the intensity 
ratio at a c onstant erbium concentration .  The data for praseodymium, 
Table IX, was ideal for making a rare earth calibration curve since K is r 
1 .00 over a concentration of one to 250. The calibration curve in 
Figure 15 will be used subsequently for the analyses of certain rare earth 
elements in solutions of uranium, nickel-base alloys , and transuranium 
elements . 
4 .  Rare Earth Element Recovery Results � Uranium Solutions 
The accuracy and precision of the method were checked by performing 
a series of experiments on uranium s olutions containing 10 mg and 101 . 0  
�g pe r  ml of uranium and erbium, respectively, and varying but known 
TABLE IX 
RELATIVE SENSITIVITY VAWE VERSUS PRASEODYMIUM CONCENTRATION 
Electrode CPr 
a c concentration, P log _!!: 
10 r CEr CEr (x  10 moles ) 
0 . 276 0 . 00457 -2. 340 
0 . 691 0 . 0114 -1. 057 
1 . 106 0. 0183 -1 . 740 
1 . 80 0 . 0298 -1. 525  
3 · 32 0 . 0550 -1. 260 
22 . 4  0 . 371 -o. 43 
69 . 7 1. 15 0 . 061 
ac Er 4 
-8 
= 0 .60 x 10 moles per electrode . 
IPr hEr 
IEr �r 
0 . 00417 
0 . 0112 
0 . 0172 
0 . 0292 
0 . 0533 
0 . 364 
l .  075 
I h log Pr Er 
IEr �r 
-2 . 380 
-1. 050 
-1. 764 
-1 . 532 
-1 . 273 
-o . 44 
0 . 031 
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0.0 
- 0. 5  
� 
w 
� 
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� - 1 . 0  a.. 
� 
Ct 
0 
...J - 1 . 5  
- 2 .0 
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Figure 14 .  Log of concentration ratio as a function of log intensity 
ratio for the determination of relative sensitivity values . 
C\J 
I 
0 
,._ w ci � � w 
,._ ..._,ri .....,w 
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Mol e s  of E r  = 0. 604 x 1 0- s 
R. E .  = Ra re Ea r t h  
1 �------�------������LL---------�---�---����_w 
1 1 0 
MOLE RATIO ( R .  E . / E r  ) x f0-2 
Figure 15 . Calibration curve for the determination of rare earth 
e lements re lative to erbium. 
100 
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amounts of cerium, samarium, neodymium, prase odymium, europium, gadolinium, 
terbium, holmium, thulium, and ytterbium. Electrode films were prepared 
to c ontain about 100 �g of uranium for the spark-s ource analysis  by the 
procedure outlined in Table I (p 35 ) . The results are tabulated in Table X. 
The results are expressed as parts per million on a solution basis . The 
presence of uranium does not appear to  have any effect on the analysis of 
the rare earth elements . 
C .  Quantitative Relative Sensitivity Values 
for Certain Actinide Elements 
1 .  Introduction 
One of the most critical problems in the analytical chemistry of 
transuranium elements is that of coping with the high specific alpha 
radioactivity. Experimental techniques must be designed to prevent all 
possible health hazards that might be associated with these elements . 
Safety regulations have been established by Oak Ridge National Laboratory52 
for handling the various nuclides . These safety rules and regulati ons 
were strictly adhered to throughout this study . For practical reasons in 
the analysis of these vari ous nuclides for rare earth elements and trans-
uranium elements , a list of the nuclides most often encountered is 
presented in Table xr . 53 , 54 
The principal alpha energy, Ea' in MeV, half life , t1;2, and the 
activity per microgram per minute se rved as useful guides in selecting 
the total sample quantity . The total quantity was limited for the source 
10 glove box to 10 dpm. 
60 
TABLE X 
ANALYSIS OF RARE FARl'H EI..EMENI'S IN URANIUM SOWTIONS 
BY SPARK-SOURCE MASS SPEIJTROMEI'RY 
Rare earth 
No of in so1ution2 ��Lm1 Standard 
Rare earth determinations Added Found deviation ,  
Cerium 2 0 . 86 0 . 93 
2 2 . 6 2 . 6 
Prase odymium 5 0 . 39 0 . 41 6 . 7  
12 1. 56 1 . 5 2 . 9  
2 31. 6 31 
Neodymium 2 0 . 86 0 . 94 
2 2 . 6 2 . 4 
Samarium 2 1 . 5 1 . 6 
2 4 . 5  4 . 3 
furopium 2 1 . 0  1 . 0 
2 3 . 0  3 · 1  
Gadolinium 2 1 . 0  1 . 2  
2 3 · 0  2 . 9  
3 20 . 0  19 . 0  3 . 2  
Terbium 5 0 . 46 0 . 46 4 . 8 
12 1 . 83 1 . 7 2 . 1 
3 37 . 1  36 4 . 5  
Holmium 5 0 . 46 0 . 51  2 . 1 
12 1 . 85 1 . 8 2 . 9  
3 37· 5 38 4 . 5  
Thulium 5 0 . 41 0 . 38 13 · 7  
12 1. 63 1 . 7 3 . 2  
3 33 34 3 . 0  
Ytterbium 1 1 . 0  1 . 1 
3 26 . 8 28 6 . 9  
% 
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TABLE XI 
ACTIVITY OF a-EMITTING NUCLIDES 
Nuclide Ea' MeV tl/2 
a Specific Agtivity , dpm 
229Th 4 . 84 7 · 3 X 103y 4 .  78 X 105 
230Th 4 . 68 4 7 • 5 X 10 Y 4 . 63 X 105 
232Th 4 . 01 10 1 . 4  X 10 y 0 . 25 
233u 4 . 82 1 . 6  X 105y 2 . 14 X 10 4 
234u 4 . 77 2 . 5 X 105y 1 . 36 X 10 
4 
235u 4 . 40 8 7 . 1 X 10 Y 4 . 9  
236u 4 . 49 2 . 4  X 107y 1 . 41 X 10 
2 
23� 4 . 20 4 . 5  X 109y 0 . 75 
237Np 4 . 79 6 2 . 1 X 10 y 1 .64 X 103 
238Pu 5 . 50 86y 3 . 90 X 107 
239Pu 5 . 16 4 2 . 4  X 10 y 1 . 39 X 105 
240Pu 5 · 17 6 . 6  X 103y 5 . 05 X 105 
24� 4 . 89 13y 2 . 55 X 10 
8 
242Pu 4 . 90 3 · 7  X 10
5y 8 . 93 X 103 
244Pu 4 .  58 8 . 2  X 10 7y 3 · 99 
241Am 5 . 49 458y 7 . 24 X 10 6 
243Am 5 . 28 8 . 0  X 103 4 . 11 X 105 
241Cm 5 . 94 35d 3 . 45 X 10
10 
242Cm 6 . 11 163d 7 • 34 X 109 
243cm 5 · 79 32y 1 . 02 X 10 
8 
244Cm 5 . 81 18y 1 . 82 X 10 8 
245cm 5 . 31 9 . 3 X 103y 3 . 51 X 105 
246Cm 5 · 39 5 . 5  X 103y 5 . 91 X 105 
248Cm 5 . 08 4 . 7 X 10 4 6 . 86 X 103 
Nuclide 
247Bk 
249Bk 
248Cf 
249cr 
250Cf 
251Cf 
252Cf 
253Es 
254Es 
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TABLE XI ( CONI'INUED ) 
Ea' :r-EV t1/2 
a 
5 . 51 1 . 4 X 103y 
5 . 42 314d 
6 . 26 350d 
5 . 81 360d 
6 . 03 13y 
5 . 67 800y 
6 . 12 2 . 6y 
6 . 64 20d 
6 . 44 270d 
a d = days . y = years ; 
b 
. 
dpm = disintegrations per minute per microgram. 
Specific agtivity, 
dpm 
2 . 31 X 105 
3 · 73 X 1o
9 
3 . 36 X 109 
6 8 . 92 X 10 
2 . 46 X 10 
8 
6 
3 . 98 X 10 
1 .22 X 109 
5 . 74 X 1010 
4 . 25 X 109 
6' 
2 .  Alpha Containment and Activity Distribution in the MS-702 
a.  Alpha containment . Standard glove box techniques were satis­
factory for the preparation of electrode films ; however,  the electrodes 
had to be transferred to the source glove box (Figure 9, p 27 ) .  In order 
to make this transfer and to maintain double containment during the trans­
fer,  an electrode assembly that would fit inside a small plastic vial 
was designed . A photograph of the assembly and the container is shown 
in Figure 16 in three stages of use . The base holding the two graphite 
electrodes was made of Teflon, and the central flexible stem was made from 
Fluorothene . 
Fluorothene , which was threaded into the Teflon, stands the heat 
during the sample evaporati on step without losing its flexibility . The 
electrode assembly plus the plastic container are sealed in a plastic tube 
for transfer to the source glove box .  Once inside the source box and the 
s lip cap is removed ,  the central Fluorothene stem springs up for easy 
removal of the electrodes assembly as shown. 
b .  Activity distribution within � MS-702 . To obtain a distribu­
tion of the radioactivity that c ollected during the sparking operation, 
the activity of vari ous s ource parts and the photographic plate were 
measured and the relative distribution is presented in Table XII . As can 
be seen from the distribution, most of the activity was collected on the 
first s lit plate . This slit plate was removed periodically for decontam­
ination. 
) . Relative Sensitivity Values !2£ Certain Actinide Elements 
Relative sensitivity values were determined for certain nuclides 
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Figure 16 . Photograph of alpha-containment vessel, electrode carrier ,  
and electrodes in three stages of processing .  
_ L 
TABLE XII 
DISTRIBUTI ON OF RADIOACTIVITY IN THE MASS SPEX::TROMEI'ER 
Part Distribut i on ,  'f, 
First slit plate 90 . 0  
Electrode clamps 7 - 5 
Shield 1 . 7  
Insulators 0 . 4 
Kidney plate 0 . 2  
Window 0 . 1 
Walls of s ource 0 . 1 
Second slit plate < . 01 
Third slit plate < . 01 
Photographic plate < . 01 
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of the actinide elements . Films were prepared from known solutions con­
taining erbium as the internal standard . For the transuranium elements , 
often the solution volume was less than 0 . 01 ml . In the preparation of 
the e lectrodes , ext rene care was exercised to prevent the spread of 
radioactivity within the glove box .  Except for the fact that careful 
glove box procedures were required for these actinide elements , the same 
general spark-s ource procedure was followed as previously outlined in 
Table I ( p  3 5 ) .  The spectrum interpretation and photometric density 
measurements of the mass lines were performed as outlined for the rare 
earth elements . 
Relative sensitivity values were measured on two or more concentra­
tion ratios for the following elements : thorium, uranium, neptunium, 
plutonium, americium, curium, berkelium, and californium. The results of 
these experiments are summarized in Table XIII . The results for berkelium 
and californium are not as firmly established as for the other actinide 
elements primarily because of the amounts of these elements avai lable .  
4 . Metal � Complex Ions Observed in � � Spectra of � Actinide 
Elements 
The relative sens itivity values for the actinide elements with 
respect to erbium varied over a range of about 1 .6  to 2 . 6 .  This fact is 
not uncommon in spark- source mass spectrometry, however. For example , 
Morrison et a15 5  reported relative sensitivity values for low-alloy steel 
constituents with respect to iron as high as three . Since a change with 
respect to that for erbium in the .distribution of singly charged to multiply 
charged ratio and to the complex ion ratio could influence the relative 
sensitivity value , the distribution observed in the mass spectra for the 
TABLE XIII 
REIATIVE SENSITIVITY VALUE:> FOR CERI'AIN ACTINIDE ELEMENTS 
No of Film a 
determina- concentration c X 
Nuclide tions 10 (x  10 moles ) CEr 
232Th 7 5 . 4  1 .26 
234u 2 4 . 1  O . lo6 
235u 8 60 . 4  0 .  501 
238u 3 22 . 0  0 . 567 
237Np 10 20 . 6  0 . 171 
239Pu 2 89 . 5  2 . 31 
240Pu 3 10 . 1  0 . 261 
242Pu 6 19 . 6  0 . 130 
241Am 4 160 0 . 530 
243Am 3 0 . 28 0. 121 
243Am 2 1. 10 0 . 073 
244Cm 2 21.2 9 . 38 
245cm 4 0 . 32 0 . 141 
245cm 2 1 .28 0 . 085 
246Cm 4 0 . 92 o . 4o6 
249Bk 3 28 . 1  0 . 0465 
249Cf 2 12 . 0  0 . 199 
aMo1ar concentration ratio. 
b Relative intensity ratio where h is 
fraction. 
c C IEr h X · X Kr = C I � Er x 
IX �
b Relative 
sensitivi- Std . 
h c dev. , r{o IEr ty, K X r 
0 . 476 2 . 65 8. 8 
0 . 0467 2 . 27 
0 . 225 2 . 23 7 . 0  
0 . 242 2 . 34 5 . 1  
0 . 0755 2 . 26 4 . 3 
1 . 02 2 . 27 
0 . 117 2 . 23 5 · 4 
0. 054 2 . 41 10 . 0  
0 . 336 1 . 58 1 . 7  
0 . 0730 1 .65  8 .0  
0 . 0465 1 .60 
3 · 93 2 . 38 
o . o611 2 . 33 3 . 8  
0 . 0397 2 . 14 
0 . 172 2 . 36 5 . 2  
0 . 0248 1 . 88 11. 6 
0 . ()96 2 . 1  
the elemental abundance 
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actinide elements was measured . The results are summarized in Table XIV. 
Lines for metal ions with a charge greater than three were not observed . 
In Figure 17 a photograph of spectra c ontaining curium, americium, and 
erbium is shown. Lines for ErC+ ions and lines for carbon polymers may 
also be observed . The distributions of the metal ions and complex ions 
for the actinide elements in general are comparable to that obtained for 
erbium. Therefore , it seems valid to apply the relative sensitivity values 
to some practical applications . 
TABLE XIV 
DISTRIBUTION OF THE ACTINIDE ELEMENT ION LINES 
D1stribut1on1 � 
Element M+ ti+ M3+ . + K! +  MO+ MO + K! 2 2 
u 69 . 9 27 . 4  0 . 37 0 . 08 0 . 87 1 . 0  0 . 37 
Np 80 . 5  17. 1 1 .6  0 . 07 0 . 36 0. 12 0 . 20 
Pu 79- 0  18. 7  1 .2  0 . 07 0 . 66 0 . 16 0 . 21 
Am 66 . 8  31 . 2  1 . 4  o .o4 0 . 53 0 . 02 0 . 01 
Cm 76 . 2  20 . 4  2 . 85 0 . 06  0 . 38 0 . 07 0 . 04 
Bk 80 . 4  17 · 7 1 .2  0 . 04 0 . 67 0 . 02 < .01 
Cf 86 . 4  11 . 7  1 . 9 a a a a 
Erb 77 · 7  20 . 3 1 . 1 0 . 02 0 . 45 0 . 17 < .005 
a Species not detected . 
b Erbium used as internal standard . 
I I  
I I  
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70 
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Figure 17 . MS- 702 spark-s ource spectra of curium ( Cm-244, P-126 )  
process  sample spiked with erbium. Lower spectra show the purity of the 
erbium spike . 
CHAPI'ER IV 
APPLICATIONS AND GENERAL DISCUSSION 
A. Applications 
1 .  Introduction 
To illustrate the ways in which spark-source mass spectrometry can 
be used , a few problems for which it can furnish an answer are presented . 
Sometimes it is  desirable to know whether a specific element or a group of 
elements is  present in a sample . The spark-source d ouble-focusing mass 
spectrograph , employing the soiution technique , can now provide this in­
formation on highly radioactive samples as well as on cold samples .  Since 
the developed photographic plate will record all elements , the specific 
element will be revealed if present and , in addition, unsuspected elements 
may also be disclosed . 
2 .  Ietermination of Certain Rare Earth and Actinide Elements in Curium 
Solutions 
A standard solution of curium was used to simulate a curium process 
batch. Six aliquots of the solution containing standard additi ons or 
erbium were run according to the general procedure (Table I ,  p 35 ) on four 
photographic plates .  Care was exercised so that no more than five micro­
grams of curium was used in the electrode preparation.  Since all the rare 
earth elements have a relative sensitivity value of about unity, only the 
relative sensitivity values for the actinide .elements (Table XII, p 65 ) 
were used for calculating the recovery results for these samples .  The 
results from the curium standard solution are summarized in Table X:V. 
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Element 
Pr 
Gd 
Tb 
Ho 
Tm 
Yb 
Th 
Np 
Am 
ua 
Cmb 
Mean 
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TABLE XV 
RE:C OVERY OF CERI'AIN RARE EA.RI'H AND ACTINIDE ELEMEm'S 
FROM A STANDARD CURIUM SOWTION 
No of PPM of metal Rec overy Standard 
measurements in solution % deviation, 
Added Found 
15 7 · 9  7 · 4 94 7 · 4  
14 43 40 93 5 . 0  
15 9 · 3  8 . 2  88 6 . 3 
16 9 . 4  9 · 3 99 7 · 0 
15 8 . 3 8 . 7 105 8 . 8  
19 67 73 108 6 . 9  
16 125 130 104 9 · 3  
16 10. 0  11 . 0  110 12 . 0  
15 20 21 105 9 · 3  
14 2500 2400 96 11 . 4  
16 573 590 103 7 · 6  
100. 3 7 · 6  
�ormal u, 235u+ line measured . 
b246 
+ 
Cm line measured , 0 . 04 abundance fracti on . 
% 
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The mean recovery and average standard deviation for the eleven-element 
mixture of : Pr, Gd ,  Tb ,  Ho, Tm, Yb ,  Th, Np,  Am, U, and Cm were 100 . 3� 
and 7 . 6%, respectively. These recoveries offered further proof of the 
validity of the re lative sensitivity values .  
Since the spark-s ource mass spectrographic technique developed for 
radioactive s olution samples had demonstrated reliability on substrate 
films of 1 to 10 micrograms , several curium samples from the ORNL trans-
uranium processing facility have been analyzed . A typical set of impurity 
results obtained from the spectra shown in Figure 17 (p 70 ) are presented 
in Table XVI .  On examination of the spectra ne odymium shc:Med a non-normal 
isotopic abundance pattern. Thus it was necessary to read each neodymium 
isotope line to obtain an isotopic analysis before the total neodymium 
impurity concentration could be reported . The results of this isotopic 
analysis  are reported in Table XVII . For comparis on, the normal isotopic 
composition of neodymium is als o  included . Since 1
43Nd was altered 
drastically and possessed the highest neutron absorption cross secti.on of 
any of neodymium isotopes ,
47 the data showed that the neodymium was pres-
ent as an impurity in the reactor target material. 
3 · Determination 2f Lanthanum and Cerium � Additi ons 12 Hastelloy !! 
Haste lloy N or INOR-8,  which was developed at ORNL, 56 has been 
used extens ively in the construction of various reactor parts . Since ef-
forts are still underway to improve the high temperature properties of 
this alloy, vari ous rare earth element additions have been studied . The 
value of rare earth allqying to reduce nitrogen embrittlement at high 
57 temperature has been d ocumented . Thus it is not uncozmnon to be re-
quested to analyze for a specific rare earth alloying constituent . 
TABLE XVI 
TYPICAL CURIUM IMPURITY ANALYSIS BY SPARK-SaJRCE MASS SPEX::TRCMEI'RY 
Element or Micrograms 
nuclide per ml 
Curium 1600 
243Am 300 
241Am 3 . 0  
240Pu 1 . 1 
Iead8 4 . 5 
Neodymium 8 . 3 
Praseodymium 1 . 8 
Cerium 2 . 5 
Lanthanum 4 . 0  
a Relative sensitivity value of 0 . 3 used . 
b Based on the elements reported . 
Weight b 
per cent 
83 . 1  
15 . 6 
0 . 16 
0 . 057 
0 . 23 
0 . 43 
0 . 093 
0 . 13 
0 . 21 
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TABLE XVII 
ISOI'OPIC ANALYSIS OF NON-NORMAL NEODYMIUM IN CURIUM 
Mass Found , cfo Normal, cfo 
142 24 27. 1  
143 1 12 . 2  
144 35  23 · 9  
145 7 8 . 3 
146 19 17. 2  
148 8 5 · 7 
150 6 5 . 6  
Two specimens were available in which about one weight per cent of 
lanthanum and cerium had been added to the INOR-8 alloy .  To apply the 
solution and spark- source mass spectrographic technique to these samples ,  
a solution (8  � nitric acid ) containing about 10 mg of alloy per milli-
liter was prepared . A standard erbium addition was made to a 1-ml aliquot , 
and a 5-microliter aliquot of the erbium spiked s olution was used to 
prepare the electrode films for spark- source mass spectrographic analysis . 
The results of these analyses are summarized in Table XVIII . A 
comparis on of these results to those obtained by an established chemical 
method show agreem:mt well within the experimental error .  
4 .  Determination of Tungsten .!.,!! � Irradiated Tantalum-Aluminum Alloy 
Advantage was taken of the high sensitivity afforded by the solu-
tion and spark-s ource technique in the analysis . of tungsten in a tantalum-
aluminum alloy . The alloy had served as a reactor control rod . The 
original composition of the alloy on a weight per cent basis was 72 . 5� Ta 
and 27. 5� Al. 
A disk of 6 grams of the irradiated alloy had an activity read ing 
in excess  of 1000 R at contact . After the sample was dissolved in a hot 
cell, an aliquot containing 2 �g was submitted to the spark-source 
laboratory for a tungsten-tantalum isotopic abundance analysis and an alloy 
composition analysis . The aliquot containing the irradiated sample which 
had an activity of less than 10 mR, was spiked with a known amount of 
erbium. Electrode films were prepared for the spark-source analysi s  
procedure (Table 1, p 35 ) .  Unit sensitivity values were used for calcula-
ting the tantalum and tungsten results summarized in Table XIX . An 
. 58 . 186 isotope d1lution method in which a known amount of enriched W was 
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TABLE XVIII 
ANALYSIS OF IANrH'.ANuM AND CERIUM IN HASTELLOY N BY 
SOWTION AND SPARK-SCURCE MASS SP�TROMRI'RY 
Alloy heat � mass s�ctrometr�2 � Wet chemical 
number Lanthanum Cerium method,- rf, 
233 0 . 96 
0 . 99 
1 . 05 
0 . 95 
0 . 93 
Mean 0 . 97 0 . 98 
234 0 . 88 
0 . 85 
Mean 0 .86 0 . 87 
Mass 
181 
182 
183 
184 
186 
(Total ) 
27 
TABLE XIX 
SOIIJTION AND SPARK-SaJRCE MASS SP�TROORAPHIC ANALYSIS 
OF A TANTAWM-AWMINUM REACTOR CONI'ROL ROD 
Post Irradiated Composition a 
Element Atcmic � 
Ta 67 
Ta + W 0 . 8) 
w 27 
w 5 . 1 
w <. 1 
w 
Al 
-
50 
25 
Balance 
�re-irradiated composition : 72 . 5 wt � Ta ; 27. 5 wt � Al. 
bErbium used as the internal standard . 
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added to an aliquot of the irradiated sample gave a tungsten composition 
of 22 wt %. This value is in relative ly good agreement with that found 
by the erbium spike method . 
B .  General Discussion 
1 .  Relative Sensitivities of the Rare Earth Elements 
Table VII (p 53 ) and Table VIII (p 54 ) summarize the relative 
sensitivities for the mononuclidic and the polynuclidic rare earth elements , 
respective ly, as compared to erbium. For most practical purposes, the 
relative sensitivity can be regarded as unity . The values given are re-
producible to about 3 or 4%, which compares favorably with average standard 
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deviations of close isotope ratios reported by Brown et al. The deviation 
in the case of Brown ' s  silver isotope work was attributed entirely to varia-
tions in the ion response of the Ilford QII emulsion .  Because these 
relative sensitivity values were found to be the same , an isotope dilution 
method became available for the first time for the mononuclidic rare earth 
elements . Of course , these re lative sensitivity factors probably would 
not apply to sources  other than the most energetic ones ; for example , the 
high voltage rf spark source . 
Because the rare earth elements possess similar volatilities , 
selective volatilization was not a problem for the source excitation 
conditions selected . The source conditions generally used (Table I ,  p 35 )  
were such that the dead time exceeded the live time by more than a factor 
of five . This minimized the likelihood of overheating the electrode tips . 
For solid samples Nichols 60 found selective volatilization occurred notice-
ably with a pulse repetition rate greater than 300 per second and a pulse 
8o 
length of 200 �se c .  I n  this investigation optimum source excitation 
conditions selected for solution films were much less  severe ( 100 pulses 
per second and a pulse length of 25 �sec ) .  
The linearity of the technique was demonstrated over a concentration 
range of 250 to 1.  Equation 10 (p 52 ) was used to obtain a plot ( Figure 
14 , p 57) that allowed the relative sensitivity value to be calculated 
from the intercept . The close proximity of all data points to the straight 
line in the plot suggested that the relative sensitivity was independent 
of the concentration ratio. 
2 .  Relative Sensitivities of the Actinide Elements 
The relative sensitivity values for the actinide e lements were not 
as well behaved as those for the rare earth elements . The relative sensi-
tivity values for the nuclides tested are presented in Table XIII (p 67 ) ,  
and the recommended actinide element sensitivities are summarized in 
Table XX. The variation ranged from 1 . 61 for americium to 2 . 65 for thorium. 
These re lative sensitivity factors show that more ions of erbium are 
reaching the photoplate than ions of the actinide elements . The reciprocal 
of the re lative sens itivity factor expresses this actinide fraction as 
compared to erbium. 
s on purposes .  
A value for 1/K was included in Table XX for compari­r 
In an attempt to examine the reas ons for variati ons in the relative 
sensitivity factors , it is convenient to start with the photographic plate 
and trace the sample beam back through the instrument . Factors that might 
alter the ion beam compositi on will be considered . 
It is apparent that an Ilfo·rd QII emulsion mass effect cannot 
account for the observed differences ,  especially when there is such a 
Element 
Thorium 
Neptunium 
Uranium 
Plutonium 
Americium 
Curium 
Berke lium 
Californium 
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TABLE XX 
RECOMMENDED RElATIVE SENSITIVITY VAWE3 FOR 
CERTAIN ACTINIDE ELEMENTS 
Relative Average standard 
sensitivity, 1/K deviation, % 
K r r 
2 . 65 0 . 377 8 . 8  
2 . 26 0. 441 4 . 3 
2 . 28 0 . 439 6 . 0  
2 . )0 0 . 435 7 - 7 
1 . 61 0 .621 4 . 8  
2 . 30 0. 435 4 . 0  
1 . 88 0 . 532 11 .6  
2 . 1 0 . 48 
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large variation between the ions which have masses so  close together as 
232 241 in the case of Th and Am with relative sensitivity values of 2 . 65 
and 1. 58, respectively. Likewise, the possibility of emulsion response to 
a-activity can also be ruled out since the nuclides 244cm and 238u have 
about the same relative sensitivity and yet an a-activity ratio of 108 to 1 .  
If the ion beam entering the magnetic secti on diverges significantly 
in the Z-direction in the magnetic analyzer part of the mass spectrometer, 
the length of the lines in the spectrum could vary ove r  the length of the 
photoplate . Honig
61 on an MS-7 spark-source mass spectrometer without 
Z-directional focusing observed a 30� line length change . The MS-702 
instrument was equipped with Z-directional focusing and the line height 
variation over the mass range for this investigation was found to be less 
than 3%. Although the instrument had Z-directional focusing,  which allowed 
some latitude in positioning the electrodes,  the position of the sample 
e lectrodes was held as near to a constant position as possible ,  and after 
sparking was initiated , all exposures could be made without having to 
reposition the electrodes .  
The electrostatic section, which was kept at a very low pressure 
in order to  reduce to a negligible level the possibilities of collisions 
between ions or residual gases ,  exerts no mass discrimination.  Thus the 
transmission of this section should be the same for all masses that 
possess the same energy distribution .  
The production of ions by the rf spark discharge in  a vacuum, 
though not well understood , consists of many basic processes . Those known 
include : vaporization, thermal ionization, sputtering, electron impact 
ionization, and diffusion .  Phenomena that would influence the composition 
of the ion beam emerging from the slit accelerator system are : elemental 
ionization efficiencies ,  fractional volatilization, varying compound de-
composition energies ,  differential diffusion during sparking, and unequal 
energy distributions of elemental ions provided for the different elements . 
While it was. not the goal of this dis sertation to study these phenomena, 
it was ·realized that the relative sensitivity factors would reflect the 
effects of the phenomena listed above . 
The effect of fractional volatilization seems to be inferred when 
the relative sensitivity factors of the actinide elements are compared to 
the temperature at which thermal ions are produced from a hot rhenium 
filament as reported by Cameron. 62 These temperatures and the reciprocal 
of the relative sensitivity factor , 1/K , are compared in Table XXI .  A r 
plot of temperature versus 1/K in Figure 18 would predict a filament r 
temperature of 1650 °C for berkelium ion emission.  This prediction was 
confirmed by Eby.63 The predicted value for thorium from the plot is  
about 1800°C , yhich is more than 200°C lower than observed .63 Again, 
this suggests that other processes are occurring simultaneously within the 
rf spark discharge . 
3 .  Analytical Results 
The value of the rf spark-source mass spectrometry to the deter-
mination of impurities in s olutions of the actinide elements has been 
demonstrated . Qualitative identification of rare earth impurities and 
actinide impurities in a transuranium product can be ascertained rapidly 
by employing a mass-marked reference photoplate such as the one presented 
in Figure 10 (p  36 ) .  The high inherent resolution of the MS-702 mass 
spectrometer was particularly valuable in making a distinction between 
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TABLE XXI 
CCM.PARISON OF TEMPERATURE FOR THER�L I ON  EMISSI ON 
AND THE SPARK-SOORCE REIATIVE SENSITIVITY 
FOR CERTAIN ACTINIDE ELEMENTS 
Relative sensitivity, K r 
Actinide ion Temperature °C K (K  r 1 r r 
u+ 1700 2 . 28 0 . 439 
Np+ 1670 2 . 26 0 . 441 
Pu+ 1600 2 . 30 0 . 435 
Am.+ 1400 1 .61 0 . 621 
Cm+ 1680 2 . 30 0 . 435 
Cf+ 1600 2 . 1  0 . 48 
Bk+ 1540a 1 .88 0 . 532 
Th+ 1800a 2 . 65 0 - 375 
�redicted value (Figure 18 ) .  
e DATA PO I N TS 
• PRED I CTED TEM P. 
1 8 0 0 
u 
0 1 700 
w 
0:: 
:J 
...... 1 6 0 0  P u+ e <:t 
0:: 
w 
a.. 
� 
w 1 5 00 ...... 
1 400 
0. 3 0. 4 0 . 5 0 . 6  0. 7 
R E LATI V E  SEN S I T I V I TY , ( K r  f 1  
Figure 18 . C or re lat i on of the act inide re lative sens it ivity value s t o  
the tempe rature o f  me tal i on format i on on a rhenium fi lament . 
polymer ion lines and element lines . 
. An estimate of the lower limit of detection may be attained by 
referring to the isotopic analysis of neodymium (Table XVII , p 75 ) which 
was present as an impurity in the �urium solution .  In this case , about 
5 �g of curium made up the electrode film and 143Nd+ ion was present in 
the curium at an equivalent level of 0 . 005 per cent . Thus the indicated 
e lectrode detection level may be assessed at a value less  than 2 . 5  x 10- lO 
g .  Where sample activities would ?ermit , more than 1 to 10 �g of sample 
could be loaded on the electrodes in order to lower the detection limits 
on a sample basis . 
The quantitative results (Table XV, p 72 ) for impurities of certain 
rare earth and actinide elements in a curium sample showed that the recovery 
was about 100 per cent on the average . This excellent recovery for the 
eleven-element mixture may be attributed to two factors : the use of the 
relative sensitivity factors used for calculating the recovery of each 
actinide element , and in the case of the rare earth elements , to the close 
similarity of these elements with respect to excitation characteristics 
and transmission through the mass  spectrometer.  In the use of the s olution 
technique , it was of utmost importance to have a homogeneous mixture once 
the erbium internal standard was added in order to establish a constant 
ratio of the other elements to erbium. This may not always be easy to 
accomplish, especially when the sample consists of one small droplet and 
the erbium internal standard is added as another small droplet. However, 
when the mixture is homogeneous , minor losses of the sample s olution in 
the preparation of the electrode films for the mass  spectrographic analysis 
are of little consequence since the sample losses are proportional to the 
standard losses . 
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The fact that the recoveries were all near 100 per cent indicated 
there were no inter-element interferences .  The recovery results for the 
rare earth elements in uranium (Table X, p 60 ) and the excellent agree-
ment between the chemical and spark-source results (Table XVIII; p 77 ) for 
lanthanum and cerium in Hastelloy N provide further proof that inter-element 
effects are negligible . 
The mean relative standard deviation for the over-all method was 
foum to be 7 . 6  per cent (Table XV, p 72 ) ,  which compares favorably with 
6 per cent reported f.or isotope ratios ; when a comparable number of deter­
minations were made on different plates . 59 The reproducibility for the 
solution technique is superior to the reproducibility experienced on im-
purities in solid sample s .  The reported reproducibility for solid 
61 homogeneous samples ranges from 10 to 40 per cent . The accuracy of the 
analysis obtained with the rf spark source can be equal to the reproduci-
bility when the source conditions are maintained constant , when established 
relative sensitivity values are used , and when a representative emulsion 
calibration curve is used . An example of very good quantitative agreement 
between the solution and mass spectrometric technique and other analytical 
techniques was that obtained for americium in a curium process solution. 
The 243Am by the spark-source technique , was 28 ppm, by isotope dilution 
27 . 6  ppm, and by a counting technique 27 ppm. The addition of the internal 
standard contributes significantly to the accuracy of the over-all method . 
By the use of an internal standard such as erbium it was easy in many cases 
to have ion line ratios close to one , the most favorable condition when 
using photographic emulsion calibrati on curves . 
CHAPI'ER V 
SUGG �TI ONS FOR FUTURE WORK AND SUMMARY 
A. Suggestions for Future Work 
Since the reproducibility of results by the solution and spark-
source mass spectrographic technique was probably limited by the variation 
of the I lford QII emulsion, electrical detection methods for the analysis 
of prepared films should be investigated . Evans64 and others65 have used 
electrical detection methods for the determination of selected impurities 
in copper and low-alloy steels . With electrical detection in which solid 
sample electrodes were used , the reproducibility of the analysis was 
limited by the sample homogeneity. This should not be a factor for films 
prepared from a spiked s olution;  however, the total amount of sample avail­
able might be depleted before the ions of each element could be collected . 
The over-all sensitivity should be significantly increased through the use 
of an electron multiplier which may have an amplification factor of 106 or 
more . 
When the total quantity of sample is limited , as was the case for 
this investigation, it would be desirable to use the available sample more 
efficiently . The transmission factor for an rf spark- source mass spectrom-
eter is about one for every million ions produced in the source . Methods 
for simultaneous ly producing ions of all elements present with a much 
narrower energy spread would increase the transmission factor. Such 
sources as the laser or a modified de arc source may offer same advantages 
in this regard . Another possibility that might s ignificantly help is the 
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addition of a second source to ionize neutral atoms present in the s ource . 
Since the spark- source mass spectrographic technique detects all 
elements with essentially equal sensitivity, this method could extend the 
sample impurity concentration range of many elements by employing estab­
lished group pre-concentration procedures .  Such techniques should be 
investigated . Several potential applications exist for thi s technique . 
For example , sulfur and phosphorus , along with other elements of interest , 
could easily be determined in air and water pollution sample s .  
B. Summary 
The work presented here encompasses techniques developed for the 
analysis of certain rare earth and actinide elements in s olutions contain­
ing highly radioactive trans uranium elements . Advantage was taken of the 
high inherent resolution and sensitivity of the rf s�rk-source mass 
spectrometer in the development of qualitative and quantitative procedures 
where an analysis can be made on a total sample of 1 to 10 �g.  Parameters 
for the Associated ELectrical Industries '  MS- 702 spark- source mass spectrom­
eter were ad justed so  that mass-to-charge ratios in the range of 10 to 310 
could be subjected to qualitative analys is . For quantitative assessment 
of impurities in a transuranium solution ,  relative sensitivity factors 
were established with respect to erbium, the internal standard , for the 
rare earth elements and for thorium, uranium, neptunium, americium, curium, 
berkelium, and californium. In addition, a few applications of the method 
were made on a variety of samples ; these included various transuranium 
process s olutions or products ,  a highly radioactive reactor control rod, 
and certain rare earth element analyses in a high-temperature nickel-base 
alloy. 
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When the MS- 702 spark- source mass spectrometer was critically 
adjusted to give an average resolution of 3800 with a 2-mil primary slit, 
the optimum sample excitation parameters and analyzing conditions were as 
follows : spark voltage , 30 kV; excitation pulse length, 25 �sec ; excitation 
-1 pulse repetition rate , 100 sec accelerating voltage , 20 . 2  kV; analyzer 
-9 -6 vacuum, 2 x 10 torr source vacuum, less than 10 torr ; and electrode 
systems of gold or graphite . Ilford QII photographic plates were used for 
recording the mass resolved spectra ; therefore , the method of photographic 
data reduction was necessarily included and discussed in this dissertation .  
Erbium was selected as the internal standard because it possesses 
a variety of isotopic ratios between the range of 1 . 22 and 245 .  .Since 
the beam monitor has an unknown output for film work, erbium proved to be 
a very desirable internal standard . In addition to erbium' s use as an 
effective internal standard , its multiple isotopic and abundance distribu-
tions rendered it valuable in calibrating each photographic plate . 
Quantitative spark-source mass spectrometric analyses were obtained 
on samples of 1 to 10 �g only because relative sensitivities with respect 
to erbium, the internal standard , were determined for the rare earth and 
actinide elements . For all practical purposes , the relative sensitivity 
values for the mononuclidic and polynuclidic rare earth e leiJEnts were 
found to be unity. Because the re lative sensitivity values were found to 
be the same,  an "isotope dilution" technique became available for the 
first time for the mononuclidic rare earth elements . 
The linearity of the erbium-spiked solution and spark-source mass 
spectrographic technique was demonstrated over a concentration range of 
1 to 250 .  A reproducibility of about 3 t o  4t,t over the concentration range 
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indicated that the relative sensitivity constant , K , was independent of r 
concentration.  
The re lative sensitivity values for the actinide elements , with 
respect to erbium, range from 1 .61  to 2 . 6 5 .  The recommended actinide 
relative sensitivity values are as follows : thorium, 2 . 6 5 ;  uranium, 2 . 28 ;  
neptunium, 2 .26 ; plutonium, 2 . 30 ;  americium, 1 .61; curium, 2 . 30 ;  berkelium, 
1 . 88 ;  and californium, 2 . 1 . Except for thorium, the relative sensitivities 
correlate well with the temperature at which actinide elements produce 
ions from a hot rhenium filament . A filament temperature of 1650 °C was 
predicted and later confirmed for berkelium ion emission .  
A special glove box was designed , fabricated , and used on the s ource 
end of the mass spectrometer s o  that samples of the transuranium elements 
could be run safe ly . Transuranium elements with a-emitting radioactivity 
10 up to 10 dpm were processed through the source glove box and analyzed 
by the developed spark- source mass spectrographic technique . A study of 
the distribution of the radioactivity that occurs during sparking revealed 
that over 99% of the radioactivity remains in the source region of the 
mass spectrograph. The activity ·of the photographic plate was equivalent 
to background readings . Therefore , periodic decontamination of the source 
region kept the radioactivity within acceptable levels . 
The distributions of metal and complex ions in the mass spectra 
were measured for erbium and certain actinide elements . The distributions 
of the metal ions and complex ions for the actinide elements generally 
were comparable to that of erbium. In all cases , 98 per cent or more of 
the ions formed were present as the singly ( 77%) , doubly (20%) ,  and 
triply ( 1%) charged metal ions . The intensity of the complex ions 
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comprised less than two per cent of the total spectrum intensity, and of 
+ + this small fraction ,  the dominant complexes corresponded to MC2 and MO 
ions . 
The quantitative results for impurities of certain rare earth and 
actinide elemmts in a curium sample showed an average recavery of 100 per 
cent . The average standard deviation was 7 .6% for an eleven-element mix-
ture of Pr , Gd , Tb ,  Ho, Tm, Yb, Th , Np , Am, U, and Cm. For this mixture 
the individual relative sensitivity values for the actinide elements were 
used . The mean relative standard deviation compares favorably with liter-
ature values of about 6% reported for isotope ratios on s olid sample s .  
The reproducibility for the developed s olution and spark- source technique 
is superior to the reproducibility experienced on impurities in solid 
samples . 
The electrode detection level was found to be 10-lO g, thus the 
technique was applied to the analysis of tungsten in small samples of an 
irradiated tantalum-aluminum reactor control rod . The solution and 
spark- source method did not require any chemical separation prior to the 
analys is since inter-element effects were found to be negligible for this 
technique . The method was also applied to the analysis of lanthanum and 
cerium in Hastelloy N with good accuracy and reproducibility. 
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